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ABSTRACT 

Thermal energy, nozzle-type atomic beams of helium 

and of argon a r e  s c a t t e r e d  from a  vapor-deposited, s ing le -  

c r y s t a l  s i l v e r  t a r g e t  whose (111) c r y s t a l  plane is  o r i e n t e d  

p a r a l l e l ' t o  t h e  s c a t t e r i n g  s u r f a c e ,  Fhe i n t e n s i t y ,  mean 

speed,  and spread i n  speeds about t h e  mean of t h e  s c a t t e r e d  

atoms a r e  measured by means of a t ime-of-f l ight  d e t e c t i o n  

system. These measurements a r e  conducted i n  t h e  p r i n c i p a l  

s c a t t e r i n g  plane (p lane  of inc idence)  a s  we l l  a s  i n  

s e l e c t e d  planes t r a n s v e r s e  t o t h e  princi.pa1 p lane ,  The 

e f f e c t s  of v a r i a t i o n s  of t h e  angle  of inc idence ,  t a r g e t  

temperature,  and s u r f a c e  smoothness on t h e  s c a t t e r i n g  pro- 

cess  a r e  explored. F i n a l l y ,  r e s u l t s  a r e  compared with those 

of o t h e r  i n v e s t i g a t o r s  i n  order  t o  evalua te  t h e  ex ten t  t o  

which nominally i d e n t i c a l  t a r g e t  s u r f a c e s  can be reproduced 

from labora to ry  t o  l abora to ry .  
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CHAPTER 3; 

INTRODUCTION 

Over t h e  course of t h e  p a s t  s e v e r a l  yea r s ,  t h e  

inc reas ing  a v a i l a . b i l i t y  of improved vacuum systems, t h e  

development of n e a r l y  monoenergetic molecular beams, and 

t h e  advent of a  hos t  of e l e c t r o n i c  s i g n a l  processing a i d s  

have spurred a  resurgence of experimental  i n v e s t i g a t i o n s  

i n t o  t h e  b a s i c  n a t u r e  of gas-surface i n t e r a c t i o n s .  Refine- 

ments i n  t h e  exper imenta l i s t  's a b i l i t y  t o  con t ro l  t h e  

inc iden t  gas  beam ( i n  terms of energy, angular  divergence 

and spread i n  speeds)  and t o  monitor t h e  s c a t t e r e d  f l u x  

( i n  terms of t h e  same parameters) have, i n  genera l ,  

surpassed h i s  a b i l i t y  t o  desc r ibe  with c e r t a i n t y  t h e  

i n - s i t u  (under-vacuum) condi t ion  of t h e  s c a t t e r i n g  su r face .  -- 
A v a r i e t y  of techniques a r e  a v a i l a b l e  t o  d e a l  with 

t h e  u n c e r t a i n t i e s  a s soc ia ted  with adequately desc r ib ing  

t h e  c r y s t a l l o g r a p h i c  condi t ion ,  roughness, and extent  of 

contamination of t h e  s c a t t e r i n g  su r face .  Use of c r y s t a l s  

t h a t  a r e  c a r e f u l l y  grown, then  cut  and pol i shed ,  o r  cleaved, 

along a  d e s i r e d  o r i e n t a t i o n  can a s s u r e  t h a t  t h e  c r y s t a l  

s t r u c t u r e  of t h e  s o l i d  near  t h e  s u r f a c e  is known and t h a t  

t h e  s u r f a c e  topography is wi th in  some appropr ia t e  measure 

being microscopical ly  f l a t  . I n  a d d i t i o n ,  glove-box 



o r  -- i n - s i t u  p repara t ion  of su r faces  ca.n be employed t o  

co t r o l  t h e  degree of su r face  contamination. These P 
methods a r e  complicated, however, and r e q u i r e  considerable  

s p e c i a l  equipment. Moreover, f o r  many s o l i d s ,  s o p h i s t i -  

cated s u r f a c e  prepara t ion  techniques a r e  v i r t u a l l y  

impossible t o  apply wi th in  a glove-box o r  wi th in  a  vacuum 

chamber of t h e  type  genera l ly  a v a i l a b l e ,  Even i f  such 

ca re  could be t aken ,  t h e  u l t i m a t e  vacuum a t t a i n a b l e  i n  

t h e  present  appara tus  i s  such t h a t  adsorpt ion  of t h e  

background gases  i n  t h e  t e s t  chamber could contaminate 

t h e  s u r f a c e  i n  a  per iod of s e v e r a l  minutes,  t h u s  masking 

t h e  d e t a i l s  of whatever su r face  s t r u c t u r e  may have been 

obtained i n i t i a l l y .  

- I n  an  e f f o r t  t o  improve upon t h i s  s ta te-of- the-ar t  

i n  t h e  s tudy of s c a t t e r i n g  from s i n g l e  c rys ta l .  s u r f a c e s  

of r a r e  me ta l s ,  Sa l t sburg  and Smith [I], [ 2 ] ,  [3] pioneered - 

t h e  technique of e p i t a x i a l l y  growing s i n g l e - c r y s t a l  t h i n  

f i l m s  i n  vacuum by means of vapor depos i t ion  on heated,  

monocrystal l ine s u b s t r a t e s .  This technique has s i n c e  

been s u c c e s s f u l l y  employed by o the r  r e sea rcher s  [4], [5] 

i n  t h e  s tudy of gas  s c a t t e r i n g  from m e t a l l i c  sur faces .  

Its acceptance and popu la r i ty ,  i n  f a c t ,  motivated t h e  

p resen t  a t tempt  t o  adapt t h i s  technique t o  t h e  f a c i l i t i e s  

a v a i l a b l e  i n  t h e  Univers i ty  of V i r g i n i a ' s  Gas-Surface 

Laboratory,  The r e a d i l y  a v a i l a b l e  d a t a  obtained i n  

previous s t u d i e s  would then  provide a t  l e a s t  p a r t i a l  



checks f o r  t h e  experiments t o  be c a r r i e d  ou t .  

To provide t h e  reader  with s u i t a b l e  sources f o r  

acqui r ing  a  f a m i l i a r i t y  with t h e  f u l l  range of research  

i n  t h e  f i e l d  of gas-surface i n t e r a c t i o n s  and with t h e  

techniques commonly employed, r e fe rence  i s  made t o  t h e  

reviews of Smith and Sa l t sburg  [ 6  1, Hurlbut 171, and 

St ickney [€I]. From among t h e  var ious  t y p e s  of beam 

genera to r s ,  f l u x  monitoring systems and t a r g e t  su r faces  

considered t h e r e i n ,  t h e  fol lowing combination i s  s e l e c t e d  

here .  F i r s t ,  an aerodynamic atomic beam source  is 

employed. Aerodynamic beams [9], ope ra t ing  i n  t h e  low 

thermal energy range ,  o f f e r  t h e  advantageous combination 

of narrow beam energy d i s t r i b u t i o n  and high beam f l u x e s  

( ~ 1 0 ~ ~ - 1 0 ' ~  par t ic les /s te r . - sec , ) .  Second, time-of- 

f l i g h t  methods a r e  used t o  monitor t h e  speed d i s t r i b u t i o n s  . 

of t h e  s c a t t e r e d  atoms. The t ime-of-f l ight  method [ lo ] ,  

[ll] is  v e r s a t i l e  enough t o  be r e a d i l y  appl ied  t o  var ious  

gases  over a range of energies  and i s  p a r t i c u l a r l y  wel l  - - -  

s u i t e d  f o r  a d a p t a t i o n  t o  t h e  s p e c i a l i z e d  e l e c t r o n i c  

processing techniques  necessary t o  improve t h e  marginal 

s ignal- to-noise r a t i o s  encountered i n  t h e  d e t e c t i o n  of 

t h e s e  s c a t t e r e d  beams. F i n a l l y ,  t h e  (111 ) su r face  of a 

monocrystal l ine s i l v e r  t a r g e t  grown by vacuum vapor- 

depos i t ion  on a muscovite mica s u b s t r a t e  is  employed. 

The (111) s i l v e r  s u r f a c e  i s  chosen because of i t s  estab- 

l i s h e d  s t a b i l i t y  i n  vacuum 131 and because of t h e  



a v a i l a b i l i t y  of a wider range of comparative d a t a  f o r  t h i s  

s u r f a c e  t h a n  f o r  o t h e r  p o s s i b l e  candidates .  

The experimental  r e s u l t s  recorded here  a r e  t h e  

product of a sequence of s t u d i e s  performed one t a r g e t  

s u r f a c e ,  onby, over  a per iod of some 300 hours fo l lowing 

depos i t ion ,  d-uring which t h e  t a r g e t  was maintained 

con t inua l ly  under vacuum. Guided by t h e  well-documented 

r e s u l t s  of S a l t s b u r g  and Smith [ 3 ]  with similar s i l v e r  

s u r f a c e s ,  t h e  present  experiments were devised i n i t i a l l y  .. . 

t o  i n v e s t i g a t e  t h e  poss ib le  presence of d i f f r a c t i o n  i n  

t h e  s c a t t e r i n g  of noble gases  from s i l v e r  c r y s t a l s .  

Secondly, they  would provide v e l o c i t y  d i s t r i b u t i o n  d a t a  

f o r  t h e  s c a t t e r e d  beams. It was reasoned t h a t  t h e  use  

of nea r ly  monoenergetic i n c i d e n t  beams and t h e  a b i l i t y  

t o  monitor t h e  speed d i s t r i b u t i o n s  of t h e  s c a t t e r e d  atoms 

would s i g n i f i c a n t l y  enhance t h e  p r o b a b i l i t y  of observing 

d i f f r a c t i o n ,  i f  it occurred. For t h e  p r e s e n t ,  no e f f e c t s  

a t t r i b u t a b l e  t o  d i f f r a c t i o n  can be repor ted  a s  a r e s u l t  - 

of t h i s  e f f o r t .  Thei r  absence from t h e  d a t a ,  of course,  

i n  no way excludes t h e  p o s s i b i l i t y  of t h e  presence of 

d i f f r a c t i o n  i n  t h e  i n t e r a c t i o n .  The r e s u l t s  of t h e  s tudy 

a r e ,  never the less ,  of i n t e r e s t .  The v e l o c i t y  d a t a  a r e  . 

a u s e f u l  supplement t o  t h e  knowledge a v a i l a b l e  concerning 

t h e  A r  - Ag (111) i n t e r a c t i o n  p a i r .  I n  a d d i t i o n ,  t h e  

r e s u l t s  confirm, i n  most r e s p e c t s ,  t hose  d a t a  previously 

published concerning t h i s  p a i r ,  with s l i g h t  i n c o n s i s t e n c i e s  



l i k e l y  a t t r i b u t a b l e  t o  small  d i f f e rences  i n  t h e  experi- 

mental approaches. 
I 

The remaining chapters  organize t h e  d i scuss ion  of 

t h e  experiments performed according t o  t h e  fol lowing 

scheme. The process  involved i n  growing a  s i n g l e  c r y s t a l  

t a r g e t  s u r f a c e  as we l l  as t h e  design and cons t ruc t ion  of t h e  

depos i t ion  appara tus  comprise t h e  substance of Chapter 2. 

Chapter 3 concerns i t s e l f  with descr ib ing  t h e  var ious  

subsystems involved i n  performing t h e  a c t u a l  s c a t t e r i n g  -- - .  

experiments and eva lua t ing  t h e i r  r e s u l t s .  It a l s o  

p resen t s  t h e  coordinate  system i n  which t h e  s c a t t e r i n g  

d a t a  a r e  p l o t t e d .  A b r i e f  o u t l i n e  of t h e  complete - ,  

experimental  sequence i s  contained i n  Chapter 4 followed 

by t h e  a c t u a l  p r e s e n t a t i o n  and d i scuss ion  of t h e  d a t a  

obtained i n  Chapter 5. F i n a l l y ,  Chapter 6 o f f e r s  s e l e c t e d  

comparisons wi th  t h e  d a t a  of o the r  experimenters,  a 

summary of t h e  r e s u l t s ,  and some concluding remarks. 



CHAPTER 2 

THE TARGET SURFACE 

2.1 Surface  Requirements 

The growing populas i ty  of epitaxially-grown t a r g e t  

s u r f a c e s  and t h e i r  s e l e c t i o n  f o r  use  i n  the.  present  &, . 

experiments r e s u l t s  from t h e i r  a b i l i t y  t o  s a t i s f y  a  

number of s p e c i f i c  requirements comrnon t o  many gas- 

s u r f a c e  i n v e s t i g a t i o n s .  For example, t h e  experimenter 

can s e l e c t  from a  v a r i e t y  of s u r f a c e  m a t e r i a l s  and 

c r y s t a l l o g r a p h i c  o r i e n t a t i o n s  f o r  s tudy i n  t h e  same 

appara tus  by simply s e l e c t i n g  t h e  appropr ia t e  s u b s t r a t e .  

By c a r e f u l  inspec t ion  of t h e  chosen s u b s t r a t e  t o  i n s u r e  

a minimum of s t e p s  and l a t t i c e  imperfec t ions ,  he can grow 

c r y s t a l l o g r a p h i c a l l y  well-defined f i l m s  whose s u r f a c e s  

conta in  s i g n i f i c a n t l y  fewer d e f e c t s  than  a r e  genera l ly  

found on t h e  s u r f a c e s  of s o l i d  c r y s t a l s  prepared by 

mechanical techniques.  Fur the r ,  su r face  contamination 

i n  p r i n c i p l e  can be s e l e c t i v e l y  con t ro l l ed  by varying t h e  

metal  depos i t ion  r a t e  r e l a t i v e  t o  t h e  r a t e  of adsorpt ion  

of background c o n s t i t u e n t s  from t h e  t e s t  chamber. Even 

t h e  s u r f a c e  topography can be s e l e c t i v e l y  a l t e r e d  by 

varying t h e  s u b s t r a t e  temperature during depos i t ion .  

6 



A f i n a l ,  and very real., cons idera t ion  i n  f a v o r  of  t h i s  

technique is i t s  economy; e p i t a x i a l  metal  f i l m s  can be 

grown f o r  a  smal l  f r a c t i o n  of t h e  cost  ( i n  both t ime 

and equipment) requi red  t o  grow a  monocrystal l ine s o l i d  

and s u i t a b l y  prepare i t s  s u r f a c e ,  

2.2 Epitaxy 

The term "epi taxyft  ( o r  " e p i t a x i a l  growthu) i s  most 

o f t e n  used t o  desc r ibe  t h e  o r i en ted  c r y s t a l l 5 z a t i o n  of a  

substance on a f o r e i g n  s u b s t r a t e .  The a p p l i c a t i o n  of t h i s  - 

process  considered here  concerns t h e  growth of such 

c r y s t a l s  i n  vacuum by means of vapor depos i t ion .  Crys ta l s  

obtained i n  t h i s  manner have been s tud ied  ex tens ive ly  by 

c rys ta l lographers  [12], [13], f 141, [15] and a r e  conse- 

quent ly  we l l  documented with regard both t o  t h e i r  degree 

of p e r f e c t i o n  and t o  t h e  techniques a v a i l a b l e  f o r  control-  - 

l i n g  t h e i r  growth. 

The process  of e p i t a x i a l  growth by vapor depos i t ion  

i n  a vacuum is dependent upon four  main f a c t o r s :  

1) na tu re  of t h e  s u b s t r a t e ,  

2 )  temperature of t h e  s u b s t r a t e ,  

3 )  depos i t ion  r a t e ,  and 

4)  r e s i d u a l  gas pressure  during depos i t ion .  

The d i s t u s s i o n  by Bsenner f161 conveniently p o i n t s  out 



t h e  impl ica t ions  of each of t h e s e  and i s  ou t l ined  below. 

1 
S u i t a b l e  s u b s t r a t e s  must be monocrystal l ine and 

have. a  minimum of d e f e c t s ,  Cleavage f a c e s  of sodium 

ch lo r ide  and of' mica a r e  among those  most o f t e n  used. 

These f a c e s  i n e v i t a b l y  contain cleavage s t e p s ,  s o  care  

must be taken  t o  o b t a i n  s u b s t r a t e s  on which such s t e p s  

a r e  re1at ivel .y  few i n  number and a t  most only a  few 

monolayers i n  he igh t ;  t h i s  i n s u r e s  t h a t  t h e s e  s t e p s  w i l l  

no t  be widely reproduced i n  t h e  e p i t a x i a l l y  grown f i l m .  . - < ,  , x 

I n  a d d i t i o n ,  i n  order  t o  minimize p a r a l l e l  m i s f i t ,  t h e  

s u b s t r a t e  sur face  must have l a t t i c e  parameters compatible 

wi th  t h o s e  of t h e  requi red  o r i e n t a t i o n  of t h e  f i l m .  For 

t h e  present  experiment, t h e  (001) cleavage plane of 

muscovite mica provides a  s a t i s f a c t o r y  and widely used 

s u b s t r a t e  f o r  t h e  growth of (111) s i l v e r .  

The s u b s t r a t e  temperature a f f e c t s  a )  t h e  c r i t i c a l  

s i z e  and formation r a t e  of c r y s t a l  n u c l e i  i n  t h e  depos i ted  

f i l m ,  b )  t h e  mobi l i ty  of t h e  adsorbed atoms, and c )  t h e  - -  - - - -  

anneal ing of  d e f e c t s  i n  t h e  condensed f i l m .  Temperatures 

t h a t  a r e  t o o  low i n h i b i t  t h e  s u r f a c e  mobi l i ty  of adsorbates  

and discourage t h e  l a t e r a l  growth r a t e  of n u c l e i .  This 

genera tes  a l a r g e  number of small nuc le i  t h a t  tend  to be 

randomly o r i en ted  and, consequently,  f i l m s  grown a t  t o o  

low a temperature tend t o  be p o l y c r y s t a l l i n e .  Rais ing t h e  

temperature inc reases  su r face  mobi l i ty ,  r e s u l t i n g  i n  t h e  

growth of fewer,  l a r g e r  nuc le i  and an a t t endan t  decrease  



i n  t h e  d e n s i t y  of c losure  d e f e c t s .  Excessive s u b s t r a t e  

temperatures ,  on t h e  o t h e r  hand, r e s u l t  i n  th ree -  

dimensional c r y s t a l  growth and a h ighly  i r r e g u l a r  (even 

though monocrystal l ine)  su r face .  For t h e  present  experi-  

ment, t h e  approp i i a t  e  s u b s t r a t e  temperature f o r  t h e  

growth of (111) s i l v e r  on mica, a s  noted by Pashley [12], 

l i e s  i n  t h e  range from 250' C t o  300' C .  

While p r e c i s e  d a t a  on t h e  r e l a t i o n s h i p  between 

depos i t ion  r a t e  and epi taxy a r e  not  ava i lab l ' e ,  t h e  genera l  -. ,,, * - 

observat ion is t h a t  h igher  depos i t ion  r a t e s  y i e l d  l e s s  

p e r f e c t  c r y s t a l s .  S i m i l a r l y  unavai lab le  a r e  d e t a i l s  of 

t h e  i n t e r r e l a t i o n s  between r e s i d u a l  gas  pressure/composi- 

t i o n  and t h e  s t r u c t u r e  of t h e  depos i ted  f i l m s ,  except f o r  

t h e  a n t i c i p a t e d  observat ion  t h a t  lowering t h e  background - - 

pressure  diminishes t h e  contamination of t h e  r e s u l t a n t  

c r y s t a l .  A s  an  example of acceptable  l i m i t s  on t h e s e  

f a c t o r s ,  Smith and Sa l t sburg  [I], opera t ing  with gold 
2 - depos i t ion  r a t e s  of 1016 atoms/cm. -sec. i n  a  t y p i c a l  

- ' 

oil-pumped vacuum system a t  background pressures  near  

t o r r ,  e s t ima te ,  on t h e  b a s i s  of simple k i n e t i c  concepts,  a  

minimum r a t i o  of gold t o  imbedded background gas molecules 

of  approximately 100 f o r  t h e i r  f i l m s .  

A f o r t u i t o u s  and he lp fu l  a s i d e  is  provided by 

Jaeger  1143 who has found t h a t  t h e  presence of water vapor 

as a  dominant background gas cons t i tuen t  and/or adsorbate  

on t h e  s u b s t r a t e  does not a l t e r  t h e  q u a l i t y  of f i l m s  



deposited a t  300' C i n  t h e  range low5 - t o r r .  He 

f u r t h e r  no tes  t h a t  t h e  d e f e c t  concent ra t ion  i n  such f i l m s  

is  g e n e r a l l y  lower than  t h a t  i n  f i l m s  deposi ted on vacuum 

cleaved mica i n  u l t r a  high vacuum a t  300' C .  The 

depos i t ions  performed here  took i n  t h e  lom7 t o r r  range 

us ing  vacuum--cleaved mica. Unavoidably, riat e r  vapor was 

a dominant cons t i tuen t  of t h e  background atmosphere 

wi th in  t h e  depos i t ion  chamber. 

2.3 Deposi t ion Apparatus and Procedure 

I n  t h e  des ign ,  cons t ruc t ion ,  and opera t ion  of an 

evaporat ion source f o r  s i l v e r  depos i t ion  ( o r  depos i t ion  of 

o t h e r  meta ls )  c a r e f u l  cons idera t ion  must be given t o  a  

v a r i e t y  of f a c t o r s .  F i r s t ,  t h e  p u r i t y  of t h e  melt 

obviously must be assured by c a r e f u l  handling a s  we l l  a s  

by thorough outgassing of t h e  evaporator  c ruc ib les  p r i o r  

t o  use. Second, t h e s e  c r u c i b l e s  must be of s u f f i c i e n t  

capaci ty  not  only t o  al low depos i t ion  r a t e s  of ,-1016 atoms/ 
2 cm. -sec. f o r  upwards of an hour,  but  a l s o  t o  conta in  

s u f f i c i e n t  r e s e r v e s  t o  guarantee t h e  temperature s t a b i l i t y  

of t h e  melt  dur ing  t h i s  t ime. Thi rd ,  i n  order  t o  i n s u r e  

r e l i a b i l i t y  and e f f i c i e n c y ,  hea t ing  elements capable of  

t h e  high power output  requi red  f o r  prolonged per iods  a r e  

needed; t h e s e  should a l s o  be adequately sh ie lded  t o  i n s u r e  
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I 

optimum hea t ing  e f f i c i e n c y  while simultaneously p r o t e c t i n g  

any hea t - sens i t ive  system components i n  t h e  v i c i n i t y  of 
I 

t h e  evaporator.  A f i n a l  requirement f o r  t h e  system 

discussed he re  was t h a t  it must conform t o  some r a t h e r  

s t r i n g e n t  space l i m i t a t i o n s  imposed by t h e  e x i s t i n g  

rnoLecular beam apparatus .  One common evaporator design,  

t h a t  used by S a l t s b u r g  and Smith [I], c o n s i s t s  of winding 

a h e l i x  of tungs ten  hea t ing  wire around an alumina 

c r u c i b l e  and t h e n  p o t t i n g  t h e  assembly with alumina cement.. . .. I 

For p resen t  experiments, t h e r e  evolved from a v a r i e t y  

of  approaches t h e  conceptually s i m i l a r  evaporator  design 

whose b a s i c  elements appear i n  Figure 2.3.3.. The hea t ing  

element i n  t h i s  des ign  c o n s i s t s  of a s e r i e s  of p a r a l l e l  

s t r i p s  of 0.005-in. tantal-urn f o i l ,  0.075-in. wide by - 

0-95-in.  long bridged a t  a l t e r n a t e  ends t o  form a 

continuous conductor,  This  element was cut  from a 

rec tangu la r  shee t  of t h e  metal ,  t hen  wrapped ( a s  shown) 
- - - - - A  around an 0.75-in. O.Dt  by 1-in. long c y l i n d r i c a l  c r u c i b l e - - -  

of r e c r y s t a l l i z e d  alumina (Coors AD - 99). The c r u c i b l e  

and e n c i r c l i n g  element were subsequently p r e s s u r e - f i t t e d  

i n t o  a  s t e a t i t e  cap (DU-co Ceramics, Saxonburg, Pa.)  and 

t h e  e n t i r e  assembly s e t  wi th in  a  hallow cy l inder  of t h e  

same type  of  alumina used f o r  t h e  c ruc ib le .  Tantalum was 

s e l e c t e d  i n  view of i t s  r e l a t i v e l y  high d u c t i l i t y  which 

served t o  e l imina te  t h e  problem of h e a t e r  elements snapping 

as a r e s u l t  of repeated thermal expansion and con t rac t ion ,  



E l e c t r i c a l  
Leads 

In su l - a t i ng  Cyl inder  
/ ( E l e c t r i c a l  ) 
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Element 

F i lament  R e t a i n e r  Cap 

F igu re  2 .3 .1  Bas ic  Evapora tor  Components 



a problem f requen t ly  encountered with t h e  tungs ten  h e a t e r  

conf igura t ions  t e s t e d .  The present  des ign  a l s o  allows 

ready r e p a i r  and/or replacement of a  d e f e c t i v e  element 

without s a c r i f i c e  of t h e  a s soc ia ted  c ruc ib le .  

Two u n i t s  of t h e  type  descr ibed were mounted on a  

r o t a t a b l e  suppor t ,  s i m i l a r  i n  func t ion  t o  t h e  cy l inder  of 

a revo lve r ;  t h i s  support  was i n  tu.rn-suspended beneath a 

s t a t i o n a r y  s t a i n l e s s  s t e e l  s h i e l d i n g  d i s c  upon which w a s  

mounted a  coll imating tube  ( t h e  r evo lve r  b a r r e l ,  by 

analogy) .  E i t h e r  c r u c i b l e  could t h u s  be r o t a t e d  i n t o  

alignment with t h e  col l imator  (and hence i n t o  a  p o s i t i o n  

f o r  vapor depos i t ion)  o r  e l s e  t h e  p a i r  of c r u c i b l e s  could 

be r e t a i n e d  i n  a n e u t r a l  p o s i t i o n  such t h a t  t h e  co l l ima to r  

was closed t o  both cy l inder s  s imultaneously,  The e n t i r e  

evaporator  assembly was suspended from t h e  t a r g e t  holder  

(See Sec t ion  3.3) as shown i n  Figure 2.3.2. Motion of t h e  

c r u c i b l e s  was e f f e c t e d  by means of a  r o t a t a b l e  mechanical 

feed-through. 

The c r u c i b l e s  were loca ted  approximately 8 cm, away 

from t h e  t a r g e t  f a c e  dur ing  depos i t ion ,  while  t h e  col l imator  

( a  s t a i n l e s s  s t e e l  cy l inder  approximately 2 cm. diameter  

by 2.7 cm, long)  s a t  a t  a  nea res t  d i s t a n c e  of 3.5 cm. . 

from t h e  t a r g e t  cen te r  and a t  an i n c l i n a t i o n  of 77' from 

t h e  h o r i z o n t a l  plane.  It should be noted t h a t  t h e  t a r g e t  

f a c e  could be t i l t e d  toward t h e  col l imator  s u f f i c i e n t l y  t o  

reduce t h e  angle  of incidence (as measured from t h e  t a r g e t  



F i g u r e  2 .3 .2  T a r g e t  H o l d e r  w i t h  E v a p o r a t o r  Assembly 



normal) t o  about 40' s o  a s  t o  more evenly d i s t r i b u t e  t h e  

s i l v e r  over t h e  t a r g e t  f a c e .  
I 

Other s t r u c t u r a l  components of t h e  evaporator  

assembly were f a b r i c a t e d  from s t a i n l e s s  s t e e l  t o  i n s u r e  

d u r a b i l i t y  and minimize contamination from oxides.  The 

c r u c i b l e s  were surrounded with double r a d i a t i o n  s h i e l d s  

of 0,005-in. s t a i n l e s s  s t e e l  f o i l .  

To c lean  t h e  evaporator  system, it w a s  necessary t o  

bake t h e  empty c r u c i b l e s  a t  approximately f u l l  power 

(i..e. a t  about 1 2 0 0 ~ ~ )  f o r  more than  an hour i n  order  t o  

thoroughly degas t h e  c r u c i b l e  ma te r i a l ,  A s  a  mat te r  of 

procedure,  monitoring of t h e  t e s t  chamber p ressu re  was t h e  

most p r a c t i c a l  method of determining when outgassing had 

been s a t i s f a c t o r i l y  completed-. 

The requi red  power input  f o r  a given c r u c i b l e  may be 

determined by measuring c r u c i b l e  temperatures wi th  an 

o p t i c a l  pyrometer o r  thermocouple during depos i t ion ,  o r  
7 .  

- simply by experimenting wi th  a number of f ixed  i n p u t s  - . 

(and t h e r e f o r e  f i x e d  depos i t ion  r a t e s )  u n t i l  t h e  most 

s u i t a b l e  is foun,d. This l a t t e r  technique w a s  adopted here  

because it provided t h e  r equ i red  power input  most d i r e c t l y ,  

namely, i n  terms of t h e  q u a l i t y  of t h e  f i l m  deposi ted a t  

t h a t  r a t e .  

High p u r i t y  alumina c ruc ib les ,  s u i t a b l y  outgassed,  

minim.ieed t h e  in t roduc t ion  of contaminants i n t o  t h e  melt .  

To i n s u r e  t h e  p u r i t y  of t h e  melt i t s e l f ,  99.99% pure s i l v e r  



wire  was co i l ed  s o  a s  t o  f i t  i n s i d e  t h e  c r u c i b l e s ,  t h e n  

etched i n  a  1:l HN03- water sol-ution and r i n s e d  i n  d i s t i l l e d  

water  before  i n s e r t i o n .  Human contact  with t h e  degassed 

c r u c i b l e s  and etched s i l v e r  was avoided. 

This system, with t h e  a t t endan t  procedures desc r ibed ,  

s a t i s f i e d  t h e  requirements of t h e  p resen t  s tudy.  The 

p rov i s ion  of  two i d e n t i c a l  c r u c i b l e s  insured a g a i n s t  

f i l ament  burn-out t e rmina t ing  an e n t i r e  s e t  of experimlents. 

Furthermore, t h i s  conf igura t ion  provides t h e  means of  

perf orrning f u t u r e  s t u d i e s  us ing  two d i f f e r e n t  meta ls  ( e  .g. 

t h e  growth of gold c r y s t a l s  on s i l v e r  s u b s t r a t e s ) .  



CHAPTER 3 

EXPERIMENTAL DETAILS 

3.1 Molecu-lar Beam System 

The atomic beam system i n  which t h e s e  experiments 

were performed has been descr ibed i n  d e t a i l  by i t s  

developers  [17], [ l8],  [I93 and consequently t h e  presenta-  

t i o n  t o  fo l low w i l l  be l i m i t e d  t o  those  d e t a i l s  necessary 

t o  f a m i l i a r i z e  t h e  r eader  conceptual ly  with t h e  system's  

b a s i c  components and t h e i r  r e s p e c t i v e  func t ions .  A 

complete explanat ion of t h e  genera t ion  of t h e  atomic 

beams is re lega ted  t o  t h e  r e fe rences  c i t e d  above as is 

coverage of t h e  t e c h n i c a l  i n t r i c a c i e s  of t h e  e l e c t r o n i c s  

employed t o  monitor t h e  s c a t t e r e d  beams. 
. - -  

Figure 3.1.1 r e v e a l s  schematical ly  t h e  r e l a t i v e  

pos i t ion ing  of t h e  t h r e e  b a s i c  component systems wi th in  t h e  

vacuum chamber - t h e  col l imated atomic beam source ,  

t h e  t a r g e t  specimen, and t h e  movable t ime-of-f l ight  

d e t e c t o r  assembly. Visua l i za t ion  of t h e  beam s c a t t e r i n g  
1 

geometry w i l l  be s impl i f i ed  f o r  t h e  reader  by first consid- 

e r i n g  t h e  case i n  which t h e  inc iden t  atomic beam and 

t a r g e t  normal both l i e  i n  t h e  hor izon ta l  plane of motion 
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Figure 3.1.1 Schematic Drawing of the Apparatus 



of t h e  d e t e c t o r .  Viewed along t h e  v e r t i c a l  a x i s  of 

symmetry of t h e  c y l i n d r i c a l  t e s t  chamber, t h e  e s s e n t i a l  

components of t h e  t h r e e  b a s i c  subsystems mentioned above 

appear a s  shown i n  Figure 3 .1 .2 .  

The beam gas  expands from a high pressure  source  

through a  minia ture  converging nozzle  i n t o  t h e  f irst  

chamber of a th ree - s t age ,  d i f f e r e n t i a l l y  pumped vacuum 

tank.  The core of t h i s  f r e e l y  expanding j e t  i s  success ive ly  

def ined  by t h e  skimmer and collLmator a s  it passes ,  r e s p e c - - .  

t i v e l y ,  i n t o  t h e  second ( c o l l i m a t i n g )  and t h i r d  ( t e s t )  

chambers, The r e s u l t a n t  beam, i n c i d e n t  upon t h e  t a r g e t  

a t  an angle  Qi (measured from t h e  t a r g e t  normal), has  an  

angular  divergence such t h a t  90% of t h e  atoms a r e  wi th in  

+3O of t h e  nominal d i r e c t i o n  of inc idence  and a  speed - 
divergence such t h a t  90% have speeds wi th in  + 7% of t h e  - 
mean speed. 

The d e t e c t o r  can be pos i t ioned a t  any des i red  

s c a t t e r i n g  ang le ,  Qr ( l ikewise  measured from t h e  t a r g e t  

normal), i n  t h e  hor izon ta l  detector-sweep plane def ined  

by t h e  phys ica l  s t r u c t u r e  of t h e  t e s t  chamber 

[ 40' < (Qi + Qr)  < 190°]. Flux s c a t t e r e d  from t h e  t a r g e t  
e 

, v s  toward t h e  d e t e c t o r  passes ,  i n  success ion ,  through a p a i r  

of a p e r t u r e s  - one loca ted  j u s t  behind t h e  chopper d i s c ,  

t h e  o t h e r  loca ted  a s  c lose  as p o s s i b l e  t o  t h e  d e t e c t o r  

a c t i v e  zone. The first of t h e s e  excludes from ent rance  



. Figure 3 -1.2 Basic Geometry o f  t h e  I n  - Plane 

S c a t t e r i n g  and Detect ing System 



i n t o  t h e  d e t e c t o r  e f f e c t i v e l y  a l l  unwanted modulated 

p a r t i c l e s  emanating, f o r  example, from s t ruc tu . r a l  members 

of t h e  t a r g e t  ho lde r ;  t h e  second de f ines  t h e  s o l i d  angle  

of f l u x  admitted i n t o  t h e  d e t e c t o r  a c t i v e  zone and is 

pos i t ioned t o  ob-t'ain t h e  des i red  angular  r e s o l u t i o n  wi th  

a  minimuin a t t endan t  l o s s  of beam i n t e n s i t y .  The r e l a t i v e  

l o c a t i o n s  of  t h e  components descr ibed above, along wi th  

t h e  more important dimensions a s soc ia ted  w i t h : - t h e i r  

l a y o u t ,  appear i n  Figure 3.1.3 and a r e  t abu la ted  i n  t h e  - .- 

accompanying Table 3.1.1. I n  t h e  conf igura t ion  es t ab l i shed  

f o r  t h e  present  experiment, t h e  previous ly  employed 

chopper-detector s e p a r a t i o n  of % 25 cm. [17], [ 2 0 ]  was 

doubled t o  50 cm, ( t h e  maximum allowed by t h e  dimensions 

of t h e  e x i s t i n g  t e s t  chamber) i n  o rde r  t o  improve both 

angular  r e s o l u t i o n  and obta inable  speed r e s o l u t i o n .  With 

a d e t e c t o r  a p e r t u r e  designed t o  j u s t  expose t h e  f u l l  a r e a  

of t h e  d e t e c t o r  a c t i v e  zone, t h e  system possessed an 

angular  r e s o l u t i o n  of f 2' o r  b e t t e r  ( r e s o l u t i o n  being 

poorest  i n  t h e  v i c i n i t y  of t h e  normal f o r  l a r g e  i n c i d e n t  

ang les ) .  

. 3.2 The Time-of-Flight Detect ion System 

The speed d i s t r i b u t i o n  of t h e  f l u x  s c a t t e r e d  i n t o  
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F igure  3.1.3 Bas ic  D i s t ances  o f  t h e  S c a t t e r i n g  

System 



Table 3.1.1 

Basic System Dimensions asEmployed 

i n  t h e  Present  Experiments 

50.0 cm, 

5.6 cm. 

6.75 cm. 

55.6 cm. 

F i r s t  Aperture 2 cm. x 0.32 cm. 

Entrance Aperture 1.7 cm. x 1.3 cm. 

Detector  Plane 1.8 cm. x 1.6 cm. 

NB: Areas a r e  presented i n  terms of "width x h e i g h t u .  



t h e  d e t e c t o r  a t  any p o s i t i o n  is  determined by means of a 

t ime-of-f l ight  method, a  d e t a i l e d  a n a l y s i s  of which has 

been presented i n  a  previous r e fe rence  [19]. The fo l lowing 

o u t l i n e  f r e e l y  employs i d e a l i z i n g  s i m p l i f i c a t i o n s  i n  o rde r  

t o  f a c i l i t a t e  comprehension of t h e  b a s i c  func t ions  of t h e  

system and i ts  va r ious  components, 

That por t ion  of t h e  inc iden t  atomic beam s c a t t e r e d  

a t  t h e  t a r g e t  su r face  i n  t h e  d i r e c t i o n  of t h e  d e t e c t o r  

impinges upon a  r o t a t i n g  chopper d i s c  ( ~ i g u r e  3.1.2) con- . - 

s t r u c t e d  with f o u r  r a d i a l  s l o t s  spaced symmetrically about 

i ts  periphery a t  90' i n t e r v a l s .  A s  each of t h e s e  s l o t s  

passes  ac ross  t h e  f l i g h t p a t h  t o  t h e  d e t e c t o r ,  a small  

packet of beam atoms i s  allowed t o  pass  through t h e  d i s c  

and t o  proceed toward t h e  d e t e c t o r .  One may speak,  then ,  
- 

of a chopper which "gatesvf  t h e  molecular beam. Sinlultane- 

ous ly  , t h a t  s l o t  d i a m e t r i c a l l y  oppos i te  t h e  "gatef1 s l o t  

exposes a  pho tosens i t ive  f i e l d - e f f e c t  t r a n s i s t o r  t o  a  l i g h t  

source  and r e g i s t e r s  t h e  s t a r t  t ime f o r  each packet.  J u s t  

beyond t h e  chopper, each beam packet d i s p l a y s  a  I t shu t t e r  

functionl1 d e n s i t y  d i s t r i b u t i o n  [ l g ]  a long t h e  f l i g h t p a t h ,  

A s  t h e  packet proceeds toward t h e  d e t e c t o r ,  t h e n ,  t h i s  

d e n s i t y  d i s t r i b u t i o n  con t inua l ly  d i s p e r s e s  i t s e l f  due t o  

t h e  d i f f e r i n g  v e l o c i t i e s  of t h e  molecules it conta ins .  

A t  t h e  d e t e c t o r  a c t i v e  zone, a  f r a c t i o n  of t h e s e  

molecules p ropor t iona l  t o  t h e  ins tantaneous  l o c a l  d e n s i t y  



i s  ionized  by an e l e c t r o n  s h e e t  approximately 1 mm. t h i c k  

i n  t h e  d i r e c t i o n  of t r a v e l .  The ions  formed a r e  almost 

immediately gathered i n  a t  an ion  c o l l e c t o r  thereby 

genera t ing  a current  propor t  i o n a l  t o  t h e  ins tantaneous  

d e n s i t y  wi th in  t h e  d e t e c t o r  a s  a  func t ion  of t ime. This  

cu r ren t  i s ,  i n  t u r n ,  passed a c r o s s  a  load r e s i s t o r  t o  

produce a p o t e n t i a l  d i f f e r e n c e .  The p o t e n t i a l  d i f f e r e n c e  

i s  t h e n  suitabl-y ampl i f ied ,  e l e c t r o n i c a l l y  mixed with 

t h e  t iming s i g n a l  f r o n  t h e  pho toce l l ,  and f i n a l l y  processed 

through a multichannel s ignal-averaging device  t o  y i e l d  

a d i s t r i b u t i o n  of d e t e c t o r  s i g n a l  vo l t age ,  S d ( t ) ,  super- 

imposed upon t h e  t iming s i g n a l  i n t e n s i t y  peak. Here ~ d ( t )  

i s  p ropor t iona l  t o  t h e  beam d e n s i t y  a t  t h e  d e t e c t o r  and t 

i s  e f f e c t i v e l y  t h e  t ime-of-f l ight  of t h e  de tec ted  molecules 

over t h e  f l i g h t p a t h  L. The s i g n a l  S d ( t ) ,  a f t e r  averaging 

over- some 80,000 "gatedt1 cycl-es i n  order  t o  reduce t h e  

n e t  n o i s e ,  i s  s t o r e d  i n  t h e  s i g n a l  averager  u n t i l  it can 

be read out  a t  a  slow r a t e  i n t o  a s tandard X-Y p l o t t e r .  

The recorded S d ( t )  information can be converted 

i n t o  a  d i f f e r e n t i a l  i n t e n s i t y  versus  molecular speed 

d i s t r i b u t i o n  from which such u s e f u l  averages a s  t h e  ne t  

s c a t t e r e d  i n t e n s i t y ,  mean speed and s m s  spread i n  speeds 

can be r e a d i l y  computed a s  appropr ia t e ly  weighted i n t e -  

g r a l s  over t h i s  d i s t r i b u t i o n .  I f  t h e  t ime-of-f l ight  

d e n s i t y  d i s t r i b u t i o n s  a r e  we l l  reso lved ,  t h e  in termedia te  



conversion is  unnecessary. The i n t e g r a t i o n s  may be 

c a r r i e d  out i n  equivalent  forms us ing  t ime-of-fl ight 
I 

d i s t r i b u t i o n s  d i r e c t l y .  

3.3 Target Holder and Related Coordinate Systems 

The foregoing d i scuss ion  has been predica ted  upon 

t h e  r e s t r i c t i o n  t h a t  t h e  inc iden t  beam, t h e  t a r g e t  normal, 

and t h e  d e t e c t o r  a r e  copl-anas. Clear ly  it is  d e s i r a b l e  

t o  achieve t h e  freedom of monitoring t h e  f l u x  a t  an 

a r b i t r a r y  s e t  of s c a t t e r i n g  angles  r e l a t i v e  t o  t h e  t a r g e t  

f a c e .  To r e a l i z e  t h i s  end, a  gimballed target-mount, 

t h a t  shown i n  Figure 3.3.1,  i s  employed, This  mount w a s  

designed by Bisha.ra [20] f o r  previous r e sea rch  and adapted 

t o  accept  t h e  vapor depos i t ion  appara tus  previous ly  

descr ibed i n  Sec t ion  2.3. 

D e t a i l s  concerning t h e  design and func t ion  of t h i s  -- - - - 

mount appear i n  t h e  r e fe rence  j u s t  c i t e d .  It i s  s u f f i c i e n t  

he re  t o  n o t e . t h a t  t h e  t a r g e t  i s  provided s i x  degrees of  

freedom: t h r e e  i n  t r a n s l a t i o n  and t h r e e  i n  r o t a t i o n .  The 

former a l low f o r  p r e c i s e  l o c a t i o n  of t h e  t a r g e t  f a c e  with 

r e s p e c t  t o  t h e  i n c i d e n t  beam and d e t e c t o r  f l i g h t p a t h ;  t h e  

l a t t e r  s e r v e  t o  o b t a i n  t h e  des i red  o r i e n t a t i o n  of t h e  

t a r g e t  with r e spec t  t o  t h e s e  r e fe rence  d i r e c t i o n s .  The 



F i g u r e  3 .3 .1  Target  and T a r g e t  Mount 



t h r e e  r o t a t i o n s  a re :  

1, a v e r t i c a l  r o t a t i o n ,  8 ,  which r o t a t e s  

t h e  t a r g e t  about t h e  d e t e c t o r  sweep 

2 .  a tilt r o t a t i o n ,  T ,  which r o t a t e s  

t h e  t a r g e t  about a  h o r i z o n t a l  a x i s  

perpendicular  t o  t h e  t a r g e t  normal; 

3. an azimuthal r o t a t i o n ,  a , which 

r o t a t e s  t h e  t a r g e t  about i t s  normal. 

The inc iden t  beam is f i x e d  and phys ica l  l i m i t a t i o n s  on 

t h e  d e t e c t o r  appara tus  r e q u i r e  t h a t  t h e  d e t e c t o r  l i n e  

of s i g h t  always l i e  i n  a  f ixed  h o r i z o n t a l  plane.  Thus, 

t h e  f u n c t i o n  of t h i s  gimballed t a rge t -ho lde r  i n  any 

given s c a t t e r i n g  experiment is t o  r o t a t e  t h e  t a r g e t  about 

an a x i s  coincident  with t h e  i n c i d e n t  beam s o  a s  t o  

e f f e c t i v e l y  pl-ace t h e  d e t e c t o r  i n  a  p o s i t i o n  ou t s ide  t h e  

plane of incidence while maintaining t h e  same o r i e n t a t i o n  

of t h e  i n c i d e n t  beam r e l a t i v e  t o  t h e  ta rge t ,  f a c e .  For 

any given t a r g e t  o r i e n t a t i o n ,  then ,  t h e  d e t e c t o r  may be 

swept through a s e t  of p o s i t i o n s  i n  i t s  h o r i z o n t a l  plane 

, i n  order  t o  o b t a i n  a  p a r t i a l  mapping of t h e  s c a t t e r e d  

beam. A sequence of such d e t e c t o r  sweeps f o r  s e l e c t e d  

r o t a t i o n s  of  t h e  t a r g e t  about t h e  inc iden t  beam t h u s  

al lows a s  complete a  mapping of t h e  s c a t t e r e d  beam a s  t h e  



experimenter d e s i r e s .  

The t h r e e  r o t a t i o n a l  angles  l i s t e d  above (Q, r ,  a 9 

a r e  not n a t u r a l  angles  f o r  t h e  d e s i r e d  t a r g e t  r o t a t i o n .  

Consequently, a  complicated s e t  of t ransforms must be 

so lved ,  first t o  o b t a i n  t h e  desired.  r o t a t i o n  sequence of 

t h e  targe"cb0u.i; t h e  i n c i d e n t b e a m  i n  terms of (€I, T , a ) ,  

t hen ,  f o r  any f i x e d  t a r g e t  o r i e n t a t i o n  i n  t h e  sequ-ence, t o  

i n t e r p r e t  t h e  d e t e c t o r  sweep p o s i t i o n s  i n  t h e  h o r i z o n t a l  

plane i n  terms of a  s e t  of t a rge t - f ixed  coordinates .  Such .. - .  , 

t ransforms have been developed f o r  previous experiments by 

Bishara [ 2 0 ]  and t h e  necessary r e l a t i o n s h i p s  have been 

computed and t a b u l a t e d  i n  t h e  la-boratory.  A d i scuss ion  

o f - t h e s e  t ransforms is presented i n  Reference [ 2 0 ] ,  

Figure 3.3.2 shows t h e  t a rge t - f ixed  coordinate  

system t o  be used i n  present ing  t h e  d a t a .  Imnlediate 
. - 

a t t e n t i o n  i s  given t o  t h e  two d i s t i n c t  planes and two 

r e l a t e d  axes c l e a r l y  evident i n  t h i s  f i g u r e .  The p r i n c i p a l  

plane (genera l ly  r e f e r r e d  t o  i n  t h e  l i t e r a t u r e  a s  t h e  

plane of inc idence)  is t h a t  plane def ined  by t h e  i n c i d e n t  
h beam vec to r  '? and t h e  centered t a r g e t  normal n ;  i ts  

i n t e r s e c t i o n  with t h e  t a r g e t  f a c e  i s ,  accordingly,  termed 

t h e  p r i n c i p a l  a x i s .  The a x i s  l y i n g  i n  t h e  t a r g e t  f a c e  a 

perpendicular  t o  t h e  p r i n c i p a l  a x i s  and jo in ing  it a t  

i n t e r s e c t i o n  with is  ca-lled t h e  t r a n s v e r s e  a x i s ,  and 

i t s  

t h e  plane sweeping upward from it through some s c a t t e r i n g  





h v e c t o r ,  r ,  i s ,  by analogy, c a l l e d  a  t r a n s v e r s e  plane,  
+ 

The inc iden t  beam v e c t o r ,  1 , i s  def ined  by t h e  

ang les  Qi and a , where 0i i s  t h e  p o l a r  angle (measured 

i n  t h e  pr incipal .  plarae a s  shown) and a i s  an azimuthal 

angle  measured t o  t h e  p r i n c i p a l  a x i s  from a f i d u c i a l  

d i r e c t i o n  v e c t o r ,  f^ (def ined r e l a t i v e  t o  t h e  t a r g e t ' s  

crysta . l lography).  S i m i l a r l y ,  a given s c a t t e r i n g  d i r e c t i o n ,  
h 

r,  is descr ibed i n  terms of two angles ,  Qr and @,, where 

Qi is measured i n  t h e  p r i n c i p a l  plane and jZfr i s  measured 

i n  t h e  t r a n s v e r s e  plane a s  shown i n  t h e  f i g u r e .  A t  t imes ,  

8, i s  r e f e r r e d  t o  a s  t h e  "in-plane" sea-ttering angle  

and (IIr a s  t h e  tfout-of-planev s c a t t e r i n g  ang le ,  Not shown 

i n  t h i s  f i g u r e  i s  a  d e t e c t o r  l o c a t i o n  ang le ,  6 , measured 
h between r and negat ive  ?; t h i s  angle  w i l l  be employed 

i n  l a t e r  d i scuss ions .  

The choice of t h e s e  angles  is p r imar i ly  f o r  t h e  

ease  wi th  which they  l end  themselves t o  t h e  d e s c r i p t i o n  

of l o b u l a r  s c a t t e r i n g  p a t t e r n s ;  t h e s e  angles  and t h e  

n o t a t i o n  used he re  a r e  commonly employed by i n v e s t i g a t o r s  

i n  t h i s  d i s c i p l i n e .  

3 .I+ Data Processing 

The t rea tment  of t h e  TOF method i n  Sec t ion  3.2 



ou t l ined  t h e  process  whereby a  graph of t h e  d i s t r i b u t i o n  

of  s i g n a l  i n t e n s i t y  v s ,  t ime-of-f l ight  i s  generated a t  

each observed s c a t t e r i n g  d i r e c t i o n .  Figure 3.4.1 d e p i c t s  

a r e p r e s e n t a t i v e  d i s t r i b u t i o n  of t h i s  type  and d e f i n e s  

t h e  p r i n c i p a l  parameters a s soc ia ted  with it. These a r e  

t h e  signal. maximum, S d ( t m ) ,  occurr ing  a t  t ime tm, and 

t h e  two t imes ,  tl and t 2 ,  where t h e  s i g n a l  half-maximum 

occurs .  

The t h r e e  b a s i c  moments of t h e  speed d i s t r i b u t i o n  - k c  

employed i n  previous s t u d i e s  o r i g i n a t i n g  i n  t h i s  labora-  

t o r y  a re :  

1 )  I n t e n s i t y ,  1, (atoms/sec.-steradian) 

2 )  Mean speed,  (v,) , and 

3 )  Mean square  thermal  speed, - 

The method by which t h e s e  parameters a r e  determined 

from t h e  recorded d a t a  has been presented i n  d e t a i l  i n  

e a r l i e r  r e p o r t s  from t h i s  l abora to ry  El ' /] ,  [lg], [ 2 0 ] .  

A summary of t h a t  method, a long with some p e r t i n e n t  

d e t a i l s  concerning modif ica t ions  employed i n  process ing  

t h e  d a t a  contained h e r e i n ,  is  t o  be found i n  Appendix I. 

B r i e f l y ,  t h i s  method i s  based upon a  cu rve - f i t t ing  

technique which enables  t h e s e  t h r e e  moments t o  be evaluated 

t o  wi th in  reasonable  accuracy on t h e  b a s i s  of t h r e e  



Figure 3.4.1 Typ i ca l  TOF S igna l  



r e p r e s e n t a t i v e  measurements, tl, t 2 ,  and s d ( t m ) ,  made 

from t h e  recorded d i s t r i b u t i o n s .  When t h e  t ime-of-f l ight  

measurement r e s o l u t i o n ,  R ,  i s  h igh ,  where R = ~ t / t ~ ~ ,  

~t = t2 - tl, a n d t s o i s t h e  time-halfwidth of t h e  

i n i t i a l  "shut te r - funct ionv pu l se  as  it leaves  t h e  chopper, 

it is p d s s i b l e  t o  f i t  a  model func t ion  t o  t h e  time-of- 

f l i g h t  t r a c e  with reasonable accuracy by matching t h i s  

model funct ion  t o  t h e  t r a c e  a t  t imes t l  and t2 and a t  t h e  

maximum amplitude,  S d ( t m ) ,  t h u s  determining t h r e e  f r e e  

cons tants  i n  t h e  model func t ion .  Fur ther  a n a l y s i s  based 
2 upon t h i s  f i t  y i e l d s  polynomial f i ts  f o r  (vr) , (v, ) , 

and ( c r  ') a s  f u n c t i o n s  of t h e  two parameters,  ~ / t ~  and 

t2/tl, where L is  t h e  l e n g t h  of t h e  f l i g h t p a t h .  The 

i n t e n s i t y  of t h e  f l u x  pass ing  through t h e  d e t e c t o r  is 

computed from a  s i m i l a r  approximate r e l a t i o n s h i p  der ived  

on t h e  b a s i s  of t h e  model func t ion .  

I n  t h e  above, t h e  d a t a  were assumed t o  be highly 

resolved  from a  TOF s tandpo in t ,  i . e , ,  t o  be taken under- 

condi t ions  such t h a t ,  s a y ,  R 25. Unfortunately , due t o  

t h e  phys ica l  l i m i t a t i o n s  of t h e  system it was o f t e n  

impossible t o  o b t a i n  such r e s o l u t i o n  and, consequently,  

co r rec t ions  t o  t h e  d a t a  had t o  be introduced.  These 

c o r r e c t i o n s ,  somewhat approximate, were based upon t h e  

work of Hagena and Varma [lg]. They a l s o  a r e  d iscussed  

i n  Appendix I. 



. It should be mentioned t h a t  a d d i t i o n a l ,  h igher  

o rde r  moments of t h e  speed d i s t r i b u t i o n  can, i n  p r i n c i p l e ,  

be computed i n  an analagous manner, The choice of t h e  t h r e e  

Lis ted  above i s  predicated. p r imar i ly  upon t h e i r  ready 

i n t e r p r e t a b i l i t y  and upon t h e  a d a p t a b i l i t y  of t h e i r  

approximate d e t  errnination t o  curve-f it techniques.  Higher 

mornents a r e  l e s s  r e a d i l y  i n t e r p r e t e d  and would be of 

ques t ionable  accuracy a s  determined by t h e  present  medium 

r e s o l u t i o n  c u r v e - f i t t i n g  techniques.  

3.5 E r r o r  Analysis  

Uncer ta in t i e s  i n  t h e  mea-surements a r i s e  from t h r e e  

sources  : 

a )  Mechanical o r  geometr ical  imperfec t ions ,  

b )  E lec t ron ic  c a l i b r a t i o n  and/or s t a b i l i t y  

problems, 

c )  Uncer ta in t i e s  involved i n  t h e  process  

. of reducing r a w  d a t a .  

These e r r o r  sources  have been t a b u l a t e d  by a  previous 
-J" 

experimenter 1201 and re fe rence  w i l l  be made t o  h i s  r e s u l t s  

i n  enumerating t h e  degrees of u n c e r t a i n t y  inheren t  i n  t h i s  

equipment. H i s  es t imates  m;st be modified,  a t  l e a s t  i n  



p a r t ,  due t o  subsequent changes i n  t h e  apparatus .  

I 

3.5.1 Mechanical Systems 

Cal ibra t ions .  perforrned by t h e  des igner  [ 2 0 ]  and 

confirmed h e r e i n  i n d i c a t e  t h a t  t h e  ta rge t -holder  ang les ,  

8 and r ,  can each be s e t  t o  wi th in  f lo, while t h e  

azimuthal ang le ,  , i s  l i m i t e d  t o  22.5 O of i t s  nominal , , 

value.  Ca l ib ra t ion  of t h e  d-etector sweep angle ,  a , 
i n d i c a t e s  t h a t  it t o o  can be s e t  t o  wi th in  5 lo. Based 

upon t h e s e  measurements, t h e  computed angles  GIr, &, and Qi 

can genera l ly  be a t t r i b u t e d  accurac ies  comparable t o  those  

f o r  *r , 0, and 6. ( ~ o t e ,  though, t h e  d i scuss ion  of a -ax i s  

wobble below.) To i n s u r e  t h e s e  accurac ies ,  care  i s  t aken  

t o  always approach angular  s e t t i n g s  from t h e  same d i r e c t i o n  

s o  a s  t o  minimize backlash-induced e r r o r .  This is 

e s p e c i a l l y  necessary with t h e  motorized d e t e c t o r  sweep 

mechanism s i n c e  it employs a f l e x i b l e  coupling i n  its d r i v e  

s h a f t .  

The above c i t e d  t o l e r a n c e s  a r e  predica ted  upon 

l o c a t i n g  t h e  cen te r  of t h e  t a r g e t  f a c e  s o  t h a t  it coinc ides  
- I-' 

with  t h e  ( b u i l t - i n )  i n t e r s e c t i o n  of t h e  beam c e n t e r l i n e  

and t h e  v e r t i c a l  a x i s  of r o t a t i o n  of t h e  d e t e c t o r  support  

t a b l e .  This  l o c a t i o n  was accomplished by p ro jec t ing  a  



l a s e r  beam along predetermined alignment pa ths  and was 

accura te  wi th in  1 mm, 

By t a k i n g  a-dvantage of t h e  high r e f l e c t i v i t y  of t h e  

t a r g e t  s u r f a c e ,  t h e  l a s e r  was a l s o  employed t o  observe , 

t h e  wobble of t h e  t a r g e t  su r face  wi th  v a r i a t i o n  of t h e  

azimutha.1 ang le ,  a (spinning t h e  t a r g e t  about i t s  normal). 

Sweeping through a  range of 1110' i n  a while  observing 

t h e  near  normally r e f l e c t e d  l a s e r  beam ind ica ted  t h a t  t h e  

wobble was no more t h a n  QO. 

This wobble was not  due t o  any random motion of t h e  

ct -axis  i n  a l o o s e  mounting channel,  but r a t h e r  t o  a  

d e v i a t i o n  of t h e  t a r g e t  normal by approximately lo from 

coincidence with t h e  61 -axis .  This  concLusion evolved 

from t h e  a b i l i t y  t o  r epea t  any reading  wi th in  about 0.2'. 

Thus, experiments performed a t  s imil-ar  a - s e t t i n g s  s u f f e r  

t h i s  l e s s e r  u n c e r t a i n t y  with r e s p e c t  t o  t h e  o r i e n t a t i o n  of 

t h e  t a r g e t  normal r e l a t i v e  t o  t h e  a -axis .  

3.5.2 E l e c t r o n i c  Systems 

T e s t s  performed by t h e  system's des igners  [lk], [ 2 0 ]  

have determined t h a t  t h e  ne t  frequency response of t h e  

d e t e c t o r  wi th  i ts s i g n a l  a m p l i f i c a t i o n ,  averaging,  and 

recording t r a i n  f a l l s  wel l  wi th in  t h e  requirements f o r  



t h e i r  - s t u d i e s .  For t h e  present .  experimental  sequence, 

wherein t h e  f l i g h t p a t h  l e n g t h  L has been doubled, thus  

doubling all. t ime.  s c a l e s  a s  w e l l ,  high frequency response 

of t h e  e l e c t r o n i c s  i s  even l e s s  of a  problem and t h e  e r r o r  

due t o  l i m i t e d  low frequency response of t h e  e l e c t r o n i c s  

s u r e l y  remains small compared t o  t h e  s c a t t e r  i n  t h e  

recorded d a t a .  

Johnson no i se  i n  t h e  preamplifier "loadw r e s i s t o r  

i s  _the primary source of t h e  high frequency f l u c t u a t i o n  

i n  t h e  d e t e c t o r  s i g n a l .  I n  previous worksthe s ignal- to-  

no i se  r a t i o  ( s N R )  i n  t h e  recorded t ime-of-f l ight  (TOF) 

d e t e c t o r  s i g n a l s ,  a f t e r  averaging,  ranged from 20 t o  200. 

Here, with L doubled and t h e  s i g n a l  Level t h u s  reduced 

by approximately a  f a c t o r  of f o u r  due t o  beam spreading ,  

SNR i s  accordingly reduced t o  a mini-mum of about 5 f o r  t h e  

l e a s t  i n t e n s e  argon beams. Nevertheless ,  highly r e f l e c t i n g  

beams of helium s t i l l  d i s p l a y  SNR ~ 1 0 0 .  Such f i n i t e  

n o i s e  i n  t h e  recorded s i g n a l  w i l l  show up a s  s c a t t e r  i n  

t h e  r e s u l t s  t o  be presented.  Var ia t ion  i n  beam i n t e n s i t y  

and d r i f t  i n  t h e  e l e c t r o n i c s  a r e  r a t e d  here  a t  about 1% 

each, based upon t h e  r e p e a t a - b i l i t y  of d a t a  po in t s  from 

hour t o  hour. 

Thermocouple measurements made a t  t h e  t a r g e t  d i s p l a y  

two d i s t i n c t  e r r o r .  The f i r s t  of t h e s e  comprises 

random e r r o r s  a s soc ia ted  with imperfect thermal con tac t ,  



i n s t a b i l i t i e s  i n  t h e  vol tage  metering system, v a r i a t i o n s  

i n  t h e  wroom-temperature" r e fe rence  p o i n t ,  and t h e  l a c k  'of 

p r e c i s i o n  of  t h e  simple l i n e a r  conversion used t o  ob ta in  

l t O ~ l t  temperature readings  from thermocouple emfs. The 

second. comprises sys temat ic  e r r o r s  r e s u l t i n g  p r imar i ly  from 

t h e  l o c a t i o n  of t h e  thermocouple between t h e  s u b s t r a t e  and 

r a d i a n t  hea t  source (caus ing  e levated  temperature readings)  

and secondar i ly  from changes i n  l i n e  r e s i s t a n c e  due t o  hea t  

f low along t h e  thermocouple wire.  When t h e  su r face  

temperature is being measured near  equi l ibr ium,  t h e  random 

e r r o r  i s  valued a t  &lo°K and t h e  sys temat ic  e l eva t ion  

above s u r f a c e  temperature a t  ~ O ' K  . During hea t ing  t h e  

random e r r o r  climbs t o  & 1 5 ' ~  and sys temat ic  e l eva t ion  t o  

5 0 ' ~  . When t h e  s u r f a c e  is  monitored dur ing  cool ing,  t h e  - 

random e r r o r  i s  s e t  a t  ~ 1 5 ' ~  and t h e  sys temat ic  e l eva t ion  

a t  1 5 ' ~  . These es t ima tes  a l l  r ep resen t  upper l i m i t s  on 

e r r o r s  present  i n  t h e  da ta .  

3.5.3 Data Reduction 

E r r o r s  i n  t h e  d a t a  reduct ion  process  a r i s e  p r imar i ly  

from two sources:  t h e  degree of p r e c i s i o n  l o s t  i n  de te r -  

mining t h e  t h r e e  q u a n t i t i e s  t l ,  t2,  and Sd(tn,) from t h e  

recorded TOF t r a c e s  ( s e e  Figure 3 .4 .1) ,  and t h e  degree of 



p r e c i s i o n  s a c r i f i c e d  t o  t r a c t a b i l i t y  i n  t h e  curve-f i t  

determinat ions of t h e  des i red  beam p r o p e r t i e s .  Measurement 

e r r o r s  i n  determining t h e  t ime,  t = O ,  from t h e  pho toce l l  

s i g n a l  a r e  placed he re  a t  2 4.0 t o  d.0 rnil~1isecond.s and 

a d d i t i o n a l  e r r o r s  i n  measuring t 2  and t i  from t h a t  r e fe rence  

con t r ibu te  an u n c e r t a i n t y  of G.0 t o  12,O miLliseconds 

more. Er ro r s  i n  measuring sd(tm) a r e  i n v e r s e l y  p ropor t iona l  

t o  t h e  values of SNR repor ted  e a r l i e r ;  t h a t  is ,  t h e s e  

e r r o r s  range from k1$ of Sd( tm)  f o r  t h e  s t r o n g e s t  s i g n a l s  

from s c a t t e r e d  helium beams t o  a s  m~lch a s  t 20% f o r  many 

of t h e  argon s i g n a l s .  

Computational e r r o r s  introduced through use  of t h e  

curve-f i t  method a r e  b e s t  discussed i n  terms of t h e i r  

e f f e c t  upon t h e  i n d i v i d u a l  q u a n t i t i e s  ca lcu la ted .  -System- - 

a t i c  e r r o r s  i n  t h e  normalized i n t e n s i t y ,  [ I ~ ]  ( s e e  Sec t ion  

5.1.1 f o r  d e f i n i t i o n s  of t h i s  and t h e  o t h e r  normalized 

parameters and normalizing f a c t o r s  t o  be mentioned),  a r e  

estimated a s  follows: f o r  argon, sys temat ic  e r r o r s  due t o  

use  of t h i s  curve-f i t  technique a r e  l e s s  t h a n  5 10% ; f o r  

helium, t h e s e  e r r o r s  a r e  l e s s  t h a n  + 5% . Such sys temat ic  

e r r o r s  a r e  genera l ly  on t h e  same order  of magnitude a s  t h e  

s c a t t e r  i n  t h e  d a t a .  

Values of t h e  normalized mean speed of t h e  s c a t t e r e d  

atoms, [v,] , a r e  sys temat ica l ly  low due t o  curve-f i t  e f f e c t s .  

For helium, [v, i s  4%. t o  7% low while f o r  argon, rv,] 



i s  3% t o  l+$ low. These es t imates  f o r  argon a r e  based upon 

conparisons between curve-f i t ted  and i n t e g r a t e d  values / 
of [v,] calculated. by Bishara [20]. For helium they  r e f l e c t  

t h e  ex ten t  t o  which [ v,] evaluated a t  t h e  specu-lar f a i l s  

t o  equal  rvi]. I n  view of t h e  l a r g e  i n t e n s i t y  peaks 

a s soc ia ted  with t h e s e  d a t a ,  specular ly  d i r e c t e d  helium 

s c a t t e r i n g  i s  s u r e l y  t h e  r e s u l t  of e f f e c t i v e l y  ' ' s ingleu  

atom-surface c o l l i s i o n s  which, because of t h e  d i s p a r i t y  

. between t h e  atomic masses of helium and s i l v e r ,  should be 

e s s e n t i a l l y  e l a s t i c ,  i . e .  involve v i r t u a l l y  no change i n  

helium speed. 

F i n a l l y ,  t h e  exact magnitude of t h e  spread i n  

speeds ,  [ AS,], i s  not c r i t i c a l  s i n c e ,  i n  t h e  present  

s tudy,  t h i s  term se rves  p r imar i ly  a s  an i n d i c a t o r  of t h e  

n a t u r e  of t h e  i n t e r a c t i o n ;  t h e  sys temat ic  e r r o r  introduced 

i n t o   AS^] by curve f i t t i n g  is estimated nornin.ally a t  

* 10% . 
For each of t h e  t h r e e  curve-f i t ted  parameters ,  t h e  

- s c a t t e r e d  i n t e n s i t y ,  I,; mean speed, ( v  ) ; and speed 

spread ,  ( A  Sr ) , t h e r e  i s  an analagous q u a n t i t y  a t t r i b u t a b l e  

t o  a  p e r f e c t l y  d i f f u s e ,  p e r f e c t l y  Naxwellian s c a t t e r i n g  

process  which se rves  a s  a  normalizing f a c t o r  i n  genera t ing  

t h e  p l o t t e d  parameters [I,], [v,] , and [ A  s,] .  gain 

r e f e r  t o  Sec t ion  5.1.1 f o r  d e f i n i t i o n s . )  These normalizing 

f a c t o r s  a r e ,  r e spec t ive ly :  Is, ( v  ) , and ( A  Ss )  . 
S 



The l a s t  of t h e  t h r e e  is  sirnply a  number; t h e  second i s  

p ropor t iona l  t o  (T,)' and may be a t t r i b u t e d  e r r o r  l i m i t s  

based upon t h e  d i scuss ion  of Ts i n  t h e  previous s e c t i o n .  

The a n a l y s i s  of e r r o r s  i n  I, is  more involved. Is is 

def ined  a s  t h e  s c a t t e r e d  i n t e n s i t y  measured a t  t h e  normal 

f o r  a d i f f u s e l y  s c a t t e r i n g  s u r f a c e ,  I n  p r a c t i c e ,  i t s  

va lue  i s  determined from t h e  most nea r ly  d i f f u s e  d a t a  

obtained f o r  each beam gas during t h e  course of an experi-  

mental  s e r i e s ,  S ince  t h e  d e t e c t o r  s i g n a l s  involved a r e  

only of moderate s t r e n g t h ,  t h e  e r r o r  i n  Is f o r  helium 

9 is  evaluated a t  2 l o $ ,  t h a t  f o r  argon a t  about - 20%. 

For tuna te ly ,  Is has  a  s i n g l e  value f o r  each gas throughout 

t h e  experiments performed and hence does not diminish t h e  

accuracy of comparisons between s e l e c t e d  d a t a  s e t s .  For 

convenience, t h e  p r i n c i p a l  sources  of e r r o r  i n  t h e  plot,ted 

moments a r e  presented i n  Table 3.5.3.1 along with t h e  

magnitudes o f t h e  e r ro r s . induced .  



Table  3 . 5 * 3 , 1  

P r i n c i p a l  Sources  and Magnitudes o£ E r r o r s  

E r r o r  Source  Magnitude of E r r o r  i n :  

Argon 

Helium 

2 ,  Normal izat ion f s y s t e m a t i c )  : 

Argon rt2076 - 3-6% 
P 

Heliurn &lo$ - 3-65 -- 

3 .  Random: 

Argon -rf;;20% f 4% A 7% 

Helium f 5% &&% - +lo$ 

Mote: The e r r o r  magnitudes c i t e d  above a r e  upper l i m i t s ,  



CHAPTER 4 

PROCEDURE 

The b r i e f  t reatment  t o  fol low is intended t o  p resen t  

t h e  genera l  sequencjng of t h e  experiments from which d e r i v e  

t h e  d a t a  t o  be discussed i n  t h e  fol lowing chapter .  S ince  

t h e s e  experiments were a s  much an exe rc i se  i n  developing - = - - ,  

techniques and de f in ing  t h e  opera t iona l  l i m i t s  of t h e  

appara tus  a s  they  were a  r e s u l t  of a  r igorous ly  fol lowed,  

predetermined sequence, t h e i r  course r e f l e c t s  a  consider- 

a b l e  f l e x i b i l i t y  intended t o  enable t h e  p u r s u i t  of i n t e r -  

e s t i n g  d i r e c t i o n s  a s  t h e s e  were encountered. - 

Once t h e  c ruc ib les  had been prepa-red and f i l l e d  i n  

t h e  manner descr ibed i n  Sect ion  2.2,  a  1- in ,  diameter d i s c  

was cut  from a s e l e c t e d  shee t  of muscovite mica1 and 

mounted i n  t h e  t a r g e t  holder  s o  a s  t o  phys ica l ly  c o n t a c t -  . - 

a  ghromel-alumel thermocouple sandwiched between it and t h e  

notched quar t z  d i s c  used f o r  i t s  support .  ( s e e  Figure 4.1.) 

Adjustments were t h e n  made t o  a l i g n  t h e  su r face  with t h e  

cen te r  sf t h e  r -axis  and t o  e s t a b l i s h  t h e  poin t  a t  which 

r = 0 .  A s t r i p  of "Magicu t r ansparen t  t a p e  was pressed 

onto t h e  mica; t h e  t a r g e t  f a c e  was t h e n  t i l t e d  up and t h e  

'obtained from: Mica Products Co., 2330 Beverly Blvd., 
Los Angeles, C a l i f o r n i a ,  90057. 



Hea te r  Block- Q u a r t z  Ta rge t  Su-pport Disc  

Hea t in  
C o i l  e t  S u b s t r a t e  

1 S i d e  View 

F ron t  View 

F i g u r e  4.1 Schematic View o f  Targe t  Mounting 

Block Showing Thermocouple Placement 



other .  end of  . the t a p e  was f i x e d  t o  a  r e t r a c t a b l e  arm. 

- Subsequently,  t h e  ta rge t -evapora tor  u n i t  was i n s t a l l e d  

i n  t h e  vacuum system and overnight pump down t o  t o r r  

commenced. 

On t h e  fol-lowing d-ay t h e  mica s u b s t r a t e  was "cleavedF1 

by simply r e t r a c t i n g  t h e  arm t o  which t h e  t a p e  had been 

a t tached t h u s  pee l ing  off t h e  t a p e  which, i n  t u r n ,  c a r r i e d  

with it a  t h i n  shee t  of mica. The FtcleanFT s u b s t r a t e  w a s  

t h e n  t i l t e d  toward t h e  col l imator  .mouth a s  both t h e  t a r g e t  - - 

and t h e  'Fact ivelq c r u c i b l e  were simultaneously heated.  

During t h i s  t ime t h e  "ac t iveH c r u c i b l e  was out of alignment 

with t h e  col-limator t o  avoid desorpt ion  of contaminants 

onto t h e  s u b s t r a t e .  Once t h e  s u b s t r a t e  thermocouple 

reading had s t a b i l i z e d  a t  6 0 0 ' ~  and t h e  c r u c i b l e  had been 

r a i s e d  t o  t h e  power Level previous ly  determined t o  g ive  

t h e  des i red  depos i t ion  r a t e ,  t h e  c r u c i b l e  w a s  r o t a t e d  i n t o  

alignment with t h e  col l imator  and d-eposit ion commenced, 

Af ter  about 15  min. of depos i t ion ,  t h e  c r u c i b l e  was r o t a t e d  

out of l i n e  and cooled. A t  t h i s  t ime t h e  alignment of t h e  

t a r g e t  ho lde r  w a s  checked wi th  a  l a s e r  i n  t h e  manner 

previous ly  discussed (Sect ion  3.5.1) and necessary ad jus t -  

ments performed. 

The helium beam s e l e c t e d  f o r  i n i t i a l  explora t ion  of 

t h e  s u r f a c e  w a s  then  admitted i n t o  t h e  t e s t  chamber and 

t h e  beam i n t e n s i t y  was maximized by a d j u s t i n g  t h e  source 

pressure  and nozzl-e-skinuner sepa ra t ion  t o  t h e i r  r e s p e c t i v e  



optima a s  determined by d i r e c t  observat ion of t h e  inc iden t  

beam. The t a r g e t  e su ld  be temporari ly  t r a n s l a t e d  out of 
I 

t h e  beam path  f o r  d i r e c t  beam observat ions.  With t h e  t a r g e t  

s o  d i sp laced ,  t h e  d e t e c t o r  was swept i n  i ts  hor izon ta l  

plane a c r o s s  t h e  inc iden t  beam t o  e s t a b l i s h  t h e  angular  

p o s i t i o n  of g r e a t e s t  i n t e n s i t y ;  t h i s  p o s i t i o n  was desig-  

nated as t h e  detector-angle  reference  condi t ion ,  6 = 180'. 

Therea f t e r ,  a  s e r i e s  of inc iden t  beam TOF d i s t r i b u t i o n s  

were recorded a s  a  func t ion  of chopper speed f o r  both a A 

forward and a  reversed motor r o t a t i o n  i n  order  t o  e s t a b l i s h  

t h e  exact l o c a t i o n  of t h e  t ime,  t = 0 ,  f o r  t h e  TOF t r a c e s .  

 h his l a s t  procedure was repeated f o r  s t rong  r e f l e c t e d  

beams a s  we l l . )  These p re l iminar i e s  were completed a t  

about 2 h r s .  of e lapsed experimental t ime. ( A l l  experi-  

mental t imes  considered a r e  measured from t h e  cessa t ion  

of depos i t ion , )  
0 

With t h e  s u r f a c e  temperature maintained tit 600 K ,  

t h e  s e t  of s c a t t e r i n g  s t u d i e s  recorded i n  Sec t ion  5.2.1 - - -  - . . 

was performed. This  sequence was completed a f t e r  about . 

30 h r s .  of elapsed time. The t a r g e t  was then  cooled 

,slowly t o  300'~ and exposed a t  t h i s  temperature f o r  f i v e  

days t o  a  background pressure  of t o r r .  A t  t h e  

end of t h i s  per iod t h e  t e s t  chamber was again  pumped t o  

t h e  t o r r  range and t h e  experiments d e t a i l e d  i n  

Sec t ion  5.2.2 commenced. A t  192 h r s .  of  elapsed t ime an 

at tempt  was made t o  depos i t  a  f r e s h  f i l m  while simulta- 



neously s c a t t e r i n g  helium. During depos i t ion  a  d u l l ,  

e l l i p t i k a l  b lo tch  ( l a t e r  found t o  be p o l y c r y s t a l l i n e )  , -- - . - 

appeared on t h e  t a r g e t  face .  (See  Figure l+,2.) To de te r -  

mine t h e  e f f e c t s  of t h i s  su r face  a b e r r a t i o n  on o v e r a l l  

s c a t t e r i n g  behavibr ,  explora tory  a-sweeps and p r inc ipa l -  

plane sweeps were performed f o r  comparison with d a t a  

previously recorded,  These r e s u l t s  a r e  d iscussed  i n  

Sec t ion  5.2.2. 

The s u r f a c e  was next  exposed t o  an argon beam whose -, - - "  

i n t e n s i t y  had been optimi.zed i n  t h e  manner previous ly  

descr ibed.  The sequence of experiments performed and 

t h e i r  r e s u l t s  appear i n  Sect ion  5.3. 

A t  296 h r s .  elapsed t ime,  t h e  helium beam was 

re in t roduced and d a t a  taken  a t  ~ ~ ~ 7 0 0 ~ ~ .  (S 

5.2.2.) Following t h i s ,  an at tempt  was made t o  determine 

dominant adsorbates  by cool ing t h e  t a r g e t  t o  ~ O O ' K ,  t hen  

f l a s h i n g  it t o  +-€!OoO~ while f a c i n g  a  continuously - - - -  

opera t ing  mass spectrometer .  The r e s u l t s  of Chis effort- . , . 

a r e  t o  be found i n  Sec t ion  5.5. 

The r a p i d  hea t ing  during t h e  desorp t ion  s tudy 

roughened t h e  t a r g e t  sur face .  The e f f e c t s  of t h i s  roug 

ening on helium s c a t t e r i n g  were explored i n  a  t e rmina l  

sequence of experiments whose r e s u l t s  appear i n  Sect ion  5.2.3. 



Figure 4..2 Drawing of t h e  Target Face Showing t h e  

P o l y c r y s t a l l i n e  Blotch,  t h e  F iduc ia l  

. Direc t ion ,  F, and t h e  [[ill]] Surface 

L a t t i c e  Direc t ions .  



CHAPTER 5 

DATA 

5 .1  Prel iminary Considerations 

5.1.1 Parameters P l o t t e d  

It i s  i n s t r u c t i v e  t o  comment on the '  na tu re  and 
. . 

s i g n i f i c a n c e  of t h e  q u a n t i t i e s  t o  be p l o t t e d  i n  t h i s  

chapter  and t o  d i s c u s s ,  i n  a genera l  way, t h e  impl ica t ions  

of  t h e i r  behavior. Recal l  t h a t  i n  Sec t ion  3.4 t h e  

e x t r a c t i o n  of four  moments from t h e  experimental speed 

d i s t r i b u t i o n s  was d iscussed .  These moments were: 

1. t h e  i n t e n s i t y ,  I,; 

2. t h e  mean speed, (vr)  ; 

2 3 .  t h e  mean square speed, (vr ) ; 

4. t h e  mean square thermal speed, (c:) . 
A subse t  of t h e s e  moments used f o r  t h e i r  normal- 

i z a t i o n  is t h a t  f o r  t h e  case of p e r f e c t l y  d i f f u s e  s c a t t e r i n g  

with f u l l  thermal accommodation. This  subse t  is  def ined  

as fol lows i n  terms of t h e  measurabl-e parameters of t h e  



experimental  system: 

1. Is = I, a t  t h e  t a r g e t  normal (5 .1 .1 . l )  

f o r  such a  d i f f u s e l y  s c a t t e r i n g  

t a r g e t .  

where Ts = s u r f a c e  temperature,  

Mg = mass of inc iden t  gas molecule, and 

k = Boltzmann gas  constant .  

E f f e c t i n g  t h e  suggested normalizat ion genera tes  t h e  

fo l lowing t h r e e  q u a n t i t i e s  whj-ch w i l l  be used i n  desc r ib ing  

t h e  measured p r o p e r t i e s  of t h e  s c a t t e r e d  beams: 

1 

C AS,] = (sr /ss)"  

where S = (c2 ) / (v2  > . 



- The first two of t h e s e  normalized moments a r e  

of obvious s i g n i f i c a n c e ,  The t h i r d  is a measure of t h e  

sprekd i n  speeds of t h e  s c a t t e r e d  f l u x ,  henceforth 

r e f e r r e d  t o  a s  t h e  "speed spread." A s  def ined ,  it is 

t h e  r m s  var iance  of t h e  speed d i s t r i b u t i o n  about its 

t r u e  mean divided by t h e  rms value ,  (v2  )' , and t h e n  

normalized t o  u n i t y  f o r  a Maxwellian speed d i s t r i b u t i o n ,  

Note t h a t  i n  previous i n v e s t i g a t i o n s  published by t h i s  

l a b o r a t o r y ,  [20], [21], [22], t h e  q u a n t i t y  SJ Ss has  

been c a l l e d  t h e  "spreadu o r  "thermal spread." Thus, 

t h e  present  usage r e p r e s e n t s  a change i n  nomencl,ature, 

an improved usage it might be added, s i n c e  s,/s~ is not  

i n  f a c t  ( a s  a l luded t o  i n  t h e  above r e f e r e n c e s )  propor- 

t i o n a l  t o  t h e  spread i n  energies  of t h e  r e f l e c t e d  molecules. 

However,  AS^] is  roughly p ropor t iona l  t o  t h e  spread i n  

speeds about t h e  mean. I n  considering t h e s e  quant5-taies 

it should be noted t h a t  S, is simply a number (32 - 9 n )/32 

and hence., independent of Ts.  his is  not  t r u e  of (vs) , 
f a r  example. ) 

5.1.2 Speed D i s t r i b u t i o n s  

It is reasonable t o  expect t h a t  a knowledge of t h e  

complete v e l o c i t y  d i s t r i b u t i o n  of a molecular beam both 



before and a f t e r  in te rac t i -on  with a  su r face  shou1.d prove 

u e f u l  i n  deducing t h e  na tu re  of t h a t  i n t e r a c t i o n .  By 7 
I 

s e l e c t i n g  experi.menta1 s i t u a t i o n s  such t h a t  t h e  energy 

t r a n s f e r r e d  e i t h e r  t o  o r  from a  gas atom is  predominantly 

i n  i t s  t r a n s l a t i o n a l  modes, it is  poss ib le  t o  employ t h e  

mean speed, [v,], and sprea-d i n  speeds,  [ A  S r l ,  of t h e  

s c a t t e r e d  gas  t o  y i e l d  information concerning t h e  extent  

of energy exchange and t h e  phys ica l  mechanism by which 

, . it is e f f e c t e d .  The d-ifference between CVi]  and iv ] r 
se rves  t o  i n d i c a t e  t h e  d i r e c t i o n  of energy t r a n s f e l *  

( t o  o r  from t h e  gas)  whlle t h e  d i f fe rence  between  AS^] 

and [AS 1 pr0v id .e~  a. measure -of  t h e  randomizing e f f e c t  r 
Qf %he i h t e r a c t i o n  as a  whole. 

I n  terms of s p e c i f i c  l i m i t s ,  it is a n t i c i p a t e  

t h a t  [v,] w i l l  have va lues  nominally between rv.  ] and 
1 

[v, ] ( u n i t y ) ,  depending upon t h e  extent  of energy t r a n s £  e r .  

For t h e  ma jo r i ty  of experiments t r e a t e d  he re ,  condi t ion  

a r e  su.eh t h a t  [vi] < [v,] 1 and, consequently, rv ]-is r 
genera l ly  l e s s  than  un i ty .  S i m i l a r l y ,  t h e  spread of ' t he  - 

i nc iden t  bearn, [  AS^], f o r  both argon and helium i s  l e s s  

than  0.1, a s  compared t o  t h a t  of a  Maxwellian beam f o r  

which, of course ,  [ AS,] =1. Thus, it is not s u r p r i s i n g  

t h a t  t h e  d a t a  consistent2.y e x h i b i t s  [ A S , ] < I .  The va lue  

  AS^] = 0.4, f o r  example, impl ies  t h a t  t h e  speed d i s t r i -  

but ion  has a r e l a t i v e  width ( say  t h e  halfwidth divided by 



t h e  mean speed)  t h a t  i s  approximately O.lk  t imes t h e  

equivalent  r e l a t i v e  width f o r  a Maxwellian speed d i s t r i -  

but ion.  

A s  a concluding p o i n t ,  t h e  qua-nti ty [AS,] may be 

viewed a s  an index of t h e  wspeed-coherenceH of t h e  

s c a t t e r i n g  process  where a f u l l y  "speed-coherentf1 

s c a t t e r i n g  process  i s  defined here  a s  one f o r  which 

C A S , ~  = C A S ~ I .  

5.1.3 I n t e n s i t y  D i s t r i b u t i o n s  

Some conceptual apprec ia t ion  of t h e  s i g n i f i c a n c e  

of t h e  var ious  i n t e n s i t y  d i s t r i b u t i o n s  s tud ied  can be 

gained by considering t h e  two l i m i t i n g  p a t t e r n s  between 

which most r e a l  gas  s c a t t e r i n g  i n t e n s i t y  d i s t r i b u t i o n s  

f a l l .  The first of t h e s e ,  c a l l e d  a p e r f e c t l y  d i f f u s e  

p a t t e r n  ( s e e  Figure 5 .1 . l a ) ,  is  charac te r i zed  by a  cosine . . - 

d i s t r i b u t i o n  of i n t e n s i t y  with r e spec t  t o  angle  from t h e  

t a r g e t  normal. This  p a t t e r n  commonly occurs  when an 

inc iden t  beam comes t o  f u l l  thermal equi l ibr ium with t h e  - 

s u r f a c e ,  v i a  adsorp t ion ,  and is t h e n  reemi t ted .  It can 

occur ,  however, even i n  t h e  l i m i t  of e l a s t i c  c o l l i s i o n s  

with t h e  s u r f a c e ,  i f  t h e  su r face  is  s u i t a b l y  rough. The 

o t h e r  l i m i t i n g  p a t t e r n ,  ca l l ed  specul.ar, is t h a t  f o r  



D i f f u s e  S c a t t e r i n g  S p e c u l a r  Ref l e c t i o r i  

Lobular  S c a t t e r i n g  

F igu re  5,1,1 Basic  I n t e n s i t y  D i s t r i b u t i o n  P a t t e r n s  

f o r  S c a t t e r i n g  i n  t h e  P r i n c i p a l  P lane  



o p t i c a l - l i k e  r e f l e c t i o n  of t h e  inc iden t  molecules from t h e  

nominal s u r f a c e  plane ( see  Figure 5 .1 , lb ) ,  Almost by 
I 

necess i ty ,  specula-r s c a t t e r i n g  i s  accoinpanied by e l a s t i c  

cob l i s ions  with t h e  s u r f a c e ,  

Many a c t u a l  s c a t t e r i n g  d t s t r i b u t i o n s  tend t o  be 

l o b u l a r ,  a s  with nea.r-specular s c a t t e r i n g ,  y e t  with maxima 

occurr ing  not  n e c e s s a r i l y  a t  t h e  specular  ang le ,  Qr = Qi 

( see  Figure l c )  , Indeed, l e s t  Br = Qi be ta-ken a s  a 

l i m i t  of t h e  Lobe's p o s i t i o n ,  it should be noted. t h a t ,  

depending upon t h e  r e l a t i v e  na tu res  and energies  of t h e  

s c a t t e r i n g  sur face  and incid-ent beam, it is poss ib le  f o r  t h e  

lobe  maximum t o  occur a t  e i t h e r  Qrm > Qi (f1supraspecular19 

s c a t t e r i n g )  o r  Qrm < Qi ( t l ~ u b s p e c u l a r f t  s c a t t e r i n g ) ,  F o r  t h e  

present  experiments,however, where To_< Ts, Qi w i l l , - i n  f a c t ,  

provide such an  upper bound on Brm, i o e . ,  0 < Q r m <  Bie  

Indeed, t h e  r a t i o  of incident-molecule t o  surface-atom 

energy is t h e  predominant f a c t o r  i n  determining t h e  - - 

p o s i t i o n  of t h e  lobe  here ,  

A s  it was i n s t r u c t i v e  t o  di.scuss speed spreads 

i n  conjunction wi th  mean speeds when considering energy - 

t r a n s f e r ,  so  is it a l s o  enl ightening  t o  augment t h e  

d i scuss ion  of i n t e n s i t y  maxima with a  measure of t h e  

angular  range wi th in  which a s p e c i f i e d  por t ion  of t h e  

l o b u l a r  f l u x  i s  contained, For t h e  present  s tudy ,  t h e  

angular  width of t h e  s c a t t e r e d  lobe i n  t h e  p r i n c i p a l  



plane a t  t h e  poin t  of half-maximum i n t e n s i t y  i s  s e l e c t e d  

a s  t h e  d e s i r a b l e  measure, Ca l l  t h i s  width The 

r a t i o  of t h e  maximum normal-ized i n t e n s i t y ,  [lrm], t o  t h e  

q u a n t i t y ,  A Br (degrees)/1200, w i l l  be def ined  a s  t h e  

Shape Fac to r ,  SF, of t h e  measured i n t e n s i t y  d i s t r i b u t i o n ,  

The f a c t o r  120° y i e l d s  t h e  convenient r e s u l t ,  when used. 

i n  conjunct ion with t h e  previously chosen normalizat ion 

of i n t e n s i t i e s  t o  t h e i r  maximum value f o r  p e r f e c t l y  

d i f f u s e  sca . t t e r ing ,  t h a t  SF = 1 i n  t h i s  l i . m i t .  Anala- 

gously,  SF would have t h e  same value a s  its counterpart, 

f o r  t h e  i n c i d e n t  beam i n  t h e  case of p e r f e c t l y  specu la r  

s c a t t e r i n g o  

The term "angular  coherencew w i l l  be appl ied  t o  

t h e  d e s c r i p t i o n  of  t h e  i n t e n s i t y  d i s t r i b u t i o n s  of t h e  

s c a t t e r e d  b e a m  i n  a manner comparabl-e t o  t h e  a p p l i c a t i o n  

of speed-coherence t o  t h e i r  speed d i s t r i b u t i o n s .  S c a t t e r i n g  

will be termed "angle-coherent" i f  t h e  SF f o r  t h e  r e f l e c t e d  

lobe  is t h e  same a s  t h a t  f o r  t h e  i n c i d e n t  beam. For 

4 i nc iden t  helium beams, S F ~ 3 x 1 0  . There w i l l  be no 

a p p l i c a t i o n  of t h e  SF c r i t e r i o n  t o  argon d a t a  due t o  t h e  

f a c t  t h a t  t h e  l a r g e  component of i n t e n s i t y  a t  t h e  su r face  



normal e f f e c t i v e l y  a s s u r e s  t h a t  SF i s  always nea r  u n i t y  

f o r  t h e  argon beams. 

I n  t h e  present  d a t a  , t h e  dependence of SF upon 

s u r f a c e  roughness, a l luded t o  previous ly  i n  t h e  d i scuss ion  

of sou.rces of d i f f u s e  s c a t t e r i n g ,  provides an i n t e r e s t i n g  

i n d i c a t o r  of su r face  condi t ion  dur ing  t h e  course of  t h e  

experiment. Indeed, t h e  s u r f a c e  was found t o  have 

experienced t h r e e  d i s t i n c t  phases of su r face  roughness 

as,,determined by observed va lues  of SF. Since SF is 

h igh ly  dependent upon t h e  inc iden t  angle  and not iceably  

dependent upon t h e  s u r f a c e  temperature,  t h e s e  phases a r e  
La-- C- 

def ined  r e l a t i v e  t o  t h e  f i x e d  condi t ions  0 .  = 70' -.-- _yy__--- -- - - -1 ----' 
T - 6 0 0 ~ ~ .  The phases a re :  ~ s z - - -  

Phase I: - This  phase extended through t h e  first 

t h i r t y  hours a f t e r  i n i t i a l  depos i t ion  and is charac ter -  

i zed  here  by SF > 210. A comparison of Figure 5.2.1 wi th  

t h e  analagous d a t a  recorded by Sa l t sburg  and Smith [3] 

r e v e a l s  t h a t  t h e  SF f o r  t h e i r  beams during depos i t ion  

exceeds 210 by s e v e r a l  t imes ,  i . e .  t h a t  s c a t t e r i n g  du-ring 

and j u s t  S f t e r  deposit ion.  i s  s e v e r a l  t imes more angle- 

coherent than  t h a t  ever  observed here .  Romney [5] has . 

f u r t h e r  demonstrated t h a t  t h e  nlaximurn s c a t t e r e d  i n t e n s i t y  

of helium nozzle beams a t  To = 3 0 0 ~ ~  on (111) s i l v e r  

(€Ii = 50; ~ ~ ~ 6 0 0 ~ )  diminishes by a  f a c t o r  of t h r e e  o r  



more dur ing  t h e .  f i r s t  s e v e r a l  hours immediately a f t e r  
3 .  

depos i t ion .  The r a t e  of decay is  not iceably  diminished 
I 

a i t e r  about t h e  first t h r e e  hours. Taking a l l  of t h e s e  

r e s u l t s  i n t o  account ,  it i s  concluded t h a t  SF f o r  Phase I 

ranges over an extensive s e t  of values bounded with a 

lower limit of /M 210. 

Pha.se 11: This  phase p e r t a i n s  t o  t h e  same suwface - 
a f t e r  5 days of wvacuum-agingH a t  Ts = 3 0 0 ' ~  a t  a  

p ressu re  near  t o r r .  Over a  period of  observat ion , a  , , *  , 

of 1-30 hours ,  SF remained a t  approximately 160, i n d i c a t i n g  

exce l l en t  s t a b i l i t y .  Fur the r ,  t h e  f a c t  t h a t  SF was not  

a l t e r e d  by t h e  aforementioned attempt a t  r edepos i t ion  which 

r e s u l t e d  i n  t h e  growth of a p o l y c r y s t a l l i n e  region  

i n d i c a t e s  t h a t  t h i s  reg ion  d id  not  s i g n i f i c a n t l y  a f f e c t  

t h e  o v e r a l l  s c a t t e r i n g .  

Phase 111: Upon completion of a l l  planned experi-  
pz---- 

ments, an at tempt  was made t o  desorb and record s u r f a c e  

contaminants v i a  r a p i d  s u r f a c e  hea t ing .  This r ap id  

hea t ing  of t h e  s u r f a c e  t o  - 800'~ r e s u l t e d  i n  thermal 

roughening of t h e  su r face  such t h a t  a l l  subsequent d a t a  

displayed SF < 30. Such d a t a  w i l l  be s a i d  t o  p e r t a i n  t o  

a Phase I11 su r face .  



5.1.4 Data Format 

The d a t a  w i l l  be presented i n  t h e  form o f  i n d i v i d u a l  

p l o t s  of t h e  p r o p e r t i e s  1 ,  [vr] and [  AS^] versus  one 

o r  another  of "che ind.ependent experimental  parame-t e r s  

Q,, &, r  , u , o r  T,. Corresponding p l o t s  of [ I ~ ] ,  

[v,] , and [ AS,] f o r  t h e  same s c a t t e r e d  beam w i l l  be 

grouped under a common f i g u r e  number and, where p r a c t i c a l ,  

comnon s c a l e s  w i l l  be employed from f i g u r e . t o  f i g u r e  t o  

f a c i l i t a t e  comparison. 

I n  any given f i g u r e ,  t h e  p e r t i n e n t  parameters f o r  $he 

i n t e r a c t i o n  d a t a  w i l l -  be displayed i n  t h e  fo1.Lowing common 

a r ray :  

Figure Gas Source, / Surface  Surfacg Phase 
Number ~ e m p . (  K )  Temp. ( K )  

Qi (deg) Qr (deg) r (deg)  c t (deg)  SF Elapsed 
t ime ( h r )  

For example, f o r  Figure 5.2.1. t h e  a r r a y  reads:  

Figure 5.2.1 Helium ( 3 0 0 ) / ~ ~  (600) I 

An empty p o s i t i o n  i n  t h e  a r r a y  i n d i c a t e s  t h a t  t h e  associa.ted- 



parameter i s  e i t h e r  a  v a r i a b l e  o r  e l s e  i s  i r r e l e v a n t  t o  

t h e  d a t a  a t  hand.. 

5.2 Helium Data 

For convenience t h e  helium d a t a  presented a r e  

divided i n t o  t h r e e  s e c t i o n s ,  one f o r  each phase t h a t  t h e  

' s u r f a c e  experielzced. - _ _ _ . - - -  For a l l  of  t h e  d a t a  ~ e c o r d e d ,  - t h e  f , , 

i nc iden t  beam i s  a t  room temperature,  i. e.  T - -. 
-0 - 

5.2.1 Phase I Data 

- - The i n i t i a l  da.ta-recorded were  intended to- explore  -- 

t h e  s c a t t e r e d  f l u x  i n  t h e  p r i n c i p a l  p lane  and i n  s e l e c t e  

t r a n s v e r s e  planes under t h e  r e p r e s e n t a t i v e  condi t ion  

- €Ii = 50°, T, = 6 0 0 ° ~ ,  To = 3 0 0 ~ ~ .  These conditi.ons were 

s e l e c t e d  p r imar i ly  due t o  t h e  a v a i l a b i l i t y  of simi.1 

constrained d a t a  i n  t h e  work of Sa l t sburg  and Smith [3], 

[ 2 3 ]  and of  Bishara [20]. The d i s t r i b u t i o n s  of [I~]-, [v,] , 
and  AS^ were s tud ied  a s  f u n c t i o n s  of t h e  angles  Qr and 

,dr, i n  t h e i r  r e s p e c t i v e  p lanes ,  and a l s o  a s  func t ions  of 

T and a . 
To begin t h e  p resen ta t ion  of t h e  d a t a ,  Figure 5.2.1 



Figure 5.2 .1  Helium (300) /Ag (600) I 



Figure 5.2.1 



d i s p l a y s  t h e  d i s t r i b u t i o n s  of t h e  i n t e n s i t y ,  mean speed, 

and speed spread i n  t h e  p r i n c i p a l  plane.  Figure 5.2.2 

d i s p l a y s  t h e  analagous d a t a  f o r  t h e  t h r e e  r e p r e s e n t a t i v e  

t r a n s v e r s e  planes f o r  which Qr = 40°, 50°, and 60°, 

r e s p e c t i v e l y .  Together,  t h e  d a t a  i n  t h e s e  two f i g u r e s  

c o n s t i t u t e  a  reasonably complete three-dimensional 

mapping of t h e  quasi-specular i n t e n s i t y  lobe  exhibited. 

i n  t h i s  case ,  

Inspec t ion  of t h e s e  f i g u r e s  r e v e a l s  t h a t  t h e  

s c a t t e r e d  i n t e n s i t y  is s t r o n g l y  o r i en ted  toward t h e  

specu la r  i n  t h e  p r i n c i p a l  plane and toward t h e  p r i n c i p a l  

p lane  i n  each of t h e  t r a n s v e r s e  planes shown. A cross- 

s e c t i o n  of t h e  s c a t t e r e d  lobe  normal t o  t h e  d i r e c t i o n  

8, = Qi t aken  a t  t h e  poin t  of half-maximum i n t e n s i t y  

- . i s  found-to-be roughly _ e l l i p t i c a l ,  having i ts major a x i s  

i n  t h e  p r i n c i p a l  p lane  and a  l e n g t h  r a t i o  between t h a t  

a x i s  and t h e  t r a n s v e r s e l y  o r i en ted  minor a x i s  of approxi- 

mately 1 .3 : l .  A s  noted i n  Figure 5.2.1, SF 50 f o r  t h i s  

beam. 

Comparison of t h e  p r i n c i p a l  plane i n t e n s i t y  d i s t r i -  

bu t ion  obtained h e r e  wi th  t h o s e  shown i n  Figure  2  of 

Sa l t sburg  and Smith [3] i n d i c a t e s  t h a t  t h e  behavior of 

t h e  present  s u r f a c e  is somewhere between t h o s e  of t h e  

**freshu and "vacuum agedtf t a r g e t s  d iscussed  i n  t h a t  

r e fe rence  ( t h e  aging process  t h e r e i n  descr ibed  cons i s t ing  





Figure 5.2.2 



I 

of 15  h r .  a t  Ts --, 3 0 0 ' ~  i n  a  vacuum of 100 p, fo l lo3ed  

by, 5 h r .  a t  5 6 0 0 ~  i n  a .  vacuum of 5 x  t o r r ) .  While 

some t h r e e  hours of aging a t  6 0 0 ' ~  i n  a  vacuum of 5 x LO-? 

, t o r r  preceded. t h e  d a t a  i n  Figures  5 ,2 ,1  and 5,2.2, it is , +  , ,  - , 

bel ieved t h a t  t h e  r e l a t i v e l y  broadened peaks of t h e  present  

d a t a  can be more accura te ly  a t t r i b u t e d  t o  t h e  f a c t  t h a t  

t h e  t a r g e t  c r y s t a l  was grown near  t h e  upper temperature 

l i m i t  f o r  epi taxy and consequently experienced a h igher  

degree of three-dimensional c r y s t a l  growth a t  t h e  sur face .  ' - -  

Note t h a t  t h e  speed spread d a t a  i n  t h e  second p a r t  of 

Figure 5,2,1 d i sp lays  a  s l i g h t  minimum a t  Qr = Qi i n  

both t h e  p r i n c i p a l  and r e l a t e d  t r ansverse  (Qr = 50') 

p lanes ,  This  behavior proves cons i s t en t  throughout t h e  

remaining d a t a  f o r  helium on heated s i l v e r  and i n d i c a t e  

t h a t  t h e  c o l l i s i o n s  tend t o  be more "speed-coherent" f o r  

t h o s e  gas atoms s c a t t e r e d  i n  t h e  specular  d i r e c t i o n  t h a n  

f o r  those  s c a t t e r e d  i n  o t h e r  d i r e c t i o n s ,  p a r t i c u l a r l y  

those  s c a t t e r e d  a t  angles  Qr < Qi. Note a l s o  t h a t  

0.25 < [AS,] < 0.4 f o r  t h e  d a t a  i n  t h e s e  f i g u r e s .  Such 

val-ues of [AS,] a r e  t y p i c a l  of t h e  s u r f a c e  i n  i t s  Phase I 

condit ion.  

To complement t h e  information contained i n  t h e  

spread d a t a  r e l a t i v e  t o  speed-coherency i n  t h e  i n t e r a c t i o n s ,  

t h e  d a t a  on mean speeds y i e l d  information concerning t h e  

magnitude and d i r e c t i o n  of energy and nlomentum exchange. 



The p o i n t s  l abe led  [vi], l oca ted  on t h e  r i g h t  hand s i d e  

of each of t h e  mean s2eed p l o t s  such a s  shown 5-11 t h e  

second p a r t  of Figure 5 .2 .1 ,  i n d i c a t e  t h e  appropr ia t e  

normalized va lues  of t h e  mean speeds of t h e  i n c i d e n t  

atoms f o r  each case,  

The d a t a  genera l ly  d i s p l a y  a  tendency tows-rd 

i n c r e a s i n g  mean speed f o r  Q r < Q i  i n  t h e  p r i n c i p a l  plane 

and L i t t l e  angular  dependence i n  each of t h e  s tud ied  

t r a n s v e r s e  p lanes ,  

The a c t u a l  va lues  p l o t t e d ,  it should be remembered, 

a r e  sys temat ica l ly  low by f r o ~ n  4% t o  7% ( a s  mentioned lin 

t h e  t rea tment  of e r r o r s ) .  This systema.tic e r r o r  expla ins  

why [v,] < [vi] a t  Qr = 0 i  i n s t e a d  of [v,] % [vi] a s  one 

would expect.  

The s t a b i l i t y  of 1 v ] ,  and [AS,] with r e spec t  

t o  v a r i a t i o n  of t h e  azimuthal ang le ,  a , is displayed i n  

Figure 5 , 2 , 3 .  The a -study d e t a i l e d  t h e r e i n  was under- 

taken  t o  determine t h e  extent  t o  which t h e  su r face  c r y s t a l ' s  
C 

l a t t i c e  o r i e n t a t i o n  r e l a t i v e  t o  t h e  inc iden t  d i r e c t i o n ,  1, 

might a f f e c t  t h e  t h r e e  s c a t t e r i n g  d i s t r i b u t i o n s  of i n t e r e s t ,  

e s p e c i a l l y  t h a t  f o r  [I,]. Were d i f f r a c t i o n  e f f e c t s  

observable ,  they  would have appeared as c y c l i c  v a r i a t i o n s  

i n  [I,] a s  a  f u n c t i o n  of a (most probably a t  60' i n t e r v a l s ) .  

A s  t h e  f i g u r e  i n d i c a t e s ,  however, a l l  t h r e e  p l o t t e d  para- 

meters a r e  v i r t u a l l y  independent of a wi th in  t h e  degree 



Figure 5.2.3 Helium(300) /Ag (600) I 



Figure 5.2.3 
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of accuracy of t h e  experiment, The wobble i n  t h e  a -axis  

is  a s  l i k e l y  a cause of t h e  v a r i a t i o n s  of [I,] with a a s  , 

any i n  view of t h e i r  order  of ma.gnitude and i r r e g u l a r i t y .  

This  e f f e c t  was discussed i n  Sec t ion  3.5.1,  

The above 'demonstrated independence of t h e  s c a t t e r -  

i n g  upon c r y s t a l  l a t t i c e  o r i e n t a t i o n  ( i . e .  of ) impl ie s  

t h a t  synunetry should e x i s t  i n  t h e  t h r e e  p l o t t e d  parameters 

wi th  r e spec t  t o  v a r i a t i o n  of t h e  t a r g e t t i 1 . t  angle ,  T , 
about t h e  p r i n c i p a l  plane.  This  symmetry i s  c l e a r l y  , , .  , . .  

displayed i n  Figure 5.2.4 where Qr s Qi zz 50'. (GIr and B i ,  

as s t r i c t l y  de f ined ,  vary s l i g h t l y  when T is changed 

without appropr ia t e  compensation of o t h e r  orients-tion 

parameters,  ) L i t t l e  s i g n i f i c a n t  dependence of e i t h e r  

[v,] o r  [ AS,] on r i s  observed here.  Su-ch v a r i a t i o n  of - 

[AS,] with T as i s  observed f a l l s  wi th in  t h e  u n c e r t a i n t y  

of t h e  data . '  

During t h e  course of t h e  experiment,.  s t u d i e s  were 

made t o  determine t h e  e f fec t  of varying t h e  r e s o l u t i o n  

of t h e  t ime-of-f l ight  measurement system upon t h e  d a t a ;  

t h e  e f f i c a c y  of t h e  mathema-tical co r rec t ions  f o r  low 

reso lu - t ion  b u i l t  i n t o  t h e  data-reduct ion program was of  

p a r t i c u l a r  i n t e r e s t .  Figures  5.2.5 and 5.2.6, t h e  former . 

taken a t  g r e a t e r  r e s o l u t i o n ,  d i s p l a y  a. g r a t i f y i n g  indepen- 

dence of t h e  helium d a t a  upon t h i s  r e s o l u t i o n ,  (Low 

r e s o l u t i o n  i s  not a  problem with argon. ) 



Figure 5.2.4. ~elium(300) / ~ g  (600) I 



Figure 5.2.4 



Figure 5.2.5 '  Helium(300)/~g(600) I 



Figure 5.2.5 





Figure 5.2.6 



Figures  5.2.6 - 5.2.8 show t h e  e f f e c t  of varying 

t h e  i n c i d e n t  angle  on s c a t t e r i n g  i n  t h e  p r i n c i p a l  plane.  - -  - 

1 r - It is  observed i n  t h e s e  f i g u r e s  t h a t  i n  general. t h e  

i n t e n s i t y  a b  t h e  specu la r  angle  i n c r e a s e s  with i n c r e a s i n g  

Qi through t h e  ra'nge 30' S Qi 5 70' while t h e  speed- 

spread decreases  with inc reas ing  Qi and t h e  mean speed 

d i s p l a y s  apparent independence of chamges i n  Qi. The 

t r e n d s  displayed i n  Figures  5.2.6 through 5.2.8 f o r  [I,], 

[v,] , and [ AS,] a s  funct ions  of €Ir, save f o r  t h e  change . ., 

i n  t h e  l o c a t i o n  of t h e  specu la r  ang le ,  a r e  e s s e n t i a l l y  

t h e  same a s  those  descr ibed i n  t h e  d i scuss ion  of Figure 

5.2.1. It i s  noteworthy, however, t h a t  a s  Qi i n c r e a s e s ,  

t h e  v a r i a t i o n s  of [ I ~ ]  and [ AS,] wi th  changes i n  €Jr 

become more pronounced. Fur the r ,  t h e r e  i s  a  s t r o n  

dependence of SF upon t h e  angle  of incidence a s  is  apparent  

i n  t h e  t a b u l a t i o n  below: 

Considered t o g e t h e r ,  t h e  t r e n d s  ou t l ined  above i n d i c a t e  

both increased  speed-coherence and increased  angle-coherence 

as Qi approaches g lancing  incidence.  





Figure 5,2.7 



Figure 5.2.8 -1-1elium(300)/~~-(600) I 



Figure 5.2.8 



A f u r t h e r  inqu i ry  i n t o  t h e  behavior of [ I ~ ] ,  [v,] , 
. . 

and [AS,] a t  t h e  specu-lar over a wider range of i n c i d e n t  

angles  was next pursued and t h e  r e s u l t s  obtained appear  i n  

Figure 5.2.9. The t r e n d s  descr ibed above were f a i t h f u l l y  

reproduced i n  t h i s  s tudy with t h e  except ion t h a t  [ I ~ ~ ]  

a p p e a r e d t o  reve r se  i ts  t r e n d  of inc reas ing  with Qi i n  

t h e  range 70' _< Q 5 80'. This  r e v e r s a l ,  i n  a l l  

p r o b a b i l i t y ,  is  si.mply an i n d i c a t i o n  t h a t  an important 

f r a c t i o n  of t h e  i n c i d e n t  beam does not  s t r i k e  t h e  1"- ,. , 

diameter t a r g e t  f o r  Qi > 70'. 

5.2.2 Phase I1 Data 

The e f f e c t s  of varying t h e  s u r f a c e  temperature upon 

t h e  behavior of t h e  s c a t t e r e d  flux and t h e  time-dependence 

of t h e s e  e f f e c t s  were a l s o  of i n t e r e s t .  F igures  5.2.10 - 
5.2.13 present  d a t a  r e l e v a n t  t o  t h e s e  e f f e c t s  f o r  t h e  

case of t h e  su.rface i n  i t s  Phase I1 condit ion.  These d a t a  

were recorded i n  t h e  p r i n c i p a l  plane f o r  Qi = 70'. The 

s e t t i n g  of a v a r i e s  from f i g u r e  t o  f i g u r e  due t o  a t t empts  

a t  observing poss ib le  d i f f r a c t i o n  e f f e c t s  i n  p r i n c i p a l  

p lane  d a t a  recorded a t  cr - s e t t i n g s  determined, on t h e  

b a s i s  of previous u -sweeps, as poss ib ly  e f f e c t i n g  t h e  

proper alignment of s u r f a c e  crystalZography and d e t e c t o r  
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sweep plane.  Since d i f f r a c t i o n  was not observed i n  t h e  . 

present  s tudy ,  t h e  value of a i s  i r re levant ;  t o  t h e  - 
1 

d i scuss ion  a t  hand. 

That t h e  f l u x  d i s t r i b u t i o n  f o r  t h i s  Phase I1 s u r f a c e  

a t  Ts = 3 0 0 ' ~  was dominantly d i f f u s e  is evidenced by 

Figure 5.2.10. The i n t e n s i t y  i s  a s  g r e a t  a t  t h e  normal 

as anywhere e l s e  i n  t h e  p r i n c i p h l  plane and t h e  speed- 

spread ,  q u i t e  u n c h a r a c t e r i s t i c a l l y ,  has no rninLmum a t  t h e  

specu la r .  This  behavior s t rong ly  sugges ts  t h a t  t h e  = -  , - 
s c a t t e r i n g  s u r f a c e  i n  t h i s  case i s  dominated by adsorbates  

from t h e  backgrou.nd of t h e  system. Even s o ,  and most 

impor tant ly ,  t h e  f a c t s  a )  t h a t  a l l  values of [AS,] a r e  

s t i l l  small  compared t o  u n i t y ,  and b )  t h a t  a l l  val-ues 

of  [v,], even with t h e i r  sys temat ic  d e f i c i e n c y ,  a r  

g r e a t e r  t h a n  u n i t y ,  a r e  conclusive evidence t h a t  t h e  

i n t e r a c t i o n  is not  one p r imar i ly  charac ter ized  by adsorptiorz- -- 
reemission of t h e  helium atoms. 

Rais ing t h e  s u r f a c e  temperature t o  6 0 0 ' ~  ( see  - 

Figure 5.2.11) served t o  confirm t h e  conclusion t h a t  

s u r f a c e  adsorbates  were dominating t h e  i n t e r a c t i o n  a t  

T, = 3 0 0 ~ ~ .  Presumably due t o  t h e  desorpt ion  of t h e  

ma jo r i ty  of t h e  physisorbed contaminants a t  t h i s  h igher  

temperature,  a d i s t i n c t l y  quasi-s?ecular lobe  r e t u r n s  

t o  t h e  i n t e n s i t y  d i s t r i b u t i o n  and both t h e  mean v e l o c i t y  

and t h e  speed spread resume t h e  values t h a t  they  displayed 
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und-er s i m i l a r  c o n d i t i o n s  be fo re  ag ing  ( s e e  F igu re  5 .2 .8) .  

T e  most n o t i c e a b l e  changes i n  overa- l l  behavior  a r e  a r 
* r e d u c t i o n  of t h e  s p e c u l a r  i n t e n s i t y  t o  60% of  i ts  prev ious  

va lue  and a d e c l i n e  i n  SF from 210 t o  110. Th i s  d e c l i n e  

of  SF t o  v a l u e s  nea r  110 s i g n a l s  t h e  t r a n s i t i o n  t o  

Phase I1 of  t h e  s u r f a c e .  

F igu re  5 .2 ,12 p r e s e n t s  d a t a  analagous t o  t h a t  of  

t h e  prev ious  f i g u r e  except  tha- t  now Ts = 7 0 0 ~ ~ .  I n s p e c t i o n  

of bo th  F igu res  5.2.11 and. 5,2.12 l e a d s  t o  t h e  conc lus ion  

t h a t  over  t h e  tempera ture  range 6 0 0 ' ~  < Ts < 7 0 0 ~ ~  

t h e  v a r i a t i o n  of  [AS,] wi th  8, f o r  t h e  Phase I1 s u r f a c e  

d i s p l a y s  t h e  same t r e n d s  p rev ious ly  noted f o r  t h e  Phase I 

surfa-ce ,  i .e .  , [ A s,] t e n d s  t o  e x h i b i t  a minimum a t  Or = Bi, 

tend.s t o  l e v e l  o f f  f o r  8, > Qi, and r i s e s  between Q, = Q 

and Qr N 20'. Although t h e  maximum v a l u e  of [ I ~ ]  is 

somewhat diminished a t  t h e  h ighe r  Ts ,  SF i s ,  i n  f a c t ,  

s l i g h t l y  i nc reased .  _ The i n c r e a s e  i n  SF is s e n s i b l e ;  t h e  - 

- corresponding dec rease  i n  peak i n t e n s i t y  is  not  and may be - - 

due t o  some unknown f a c t o r  i n  t h e  exper iments .  Regarding 

t h e  mean speeds ,  n o t e  t h a t  t h e  va lues  of  [vr] dec rease  s l i g h t -  

l y  w i th  i n c r e a s i n g  Ts over  t h e  range.  S i n c e  (vs  } must 
1 

i n c r e a s e  by (7/6)3 as Ts i n c r e a s e s  from 6 0 0 ' ~  t o  ~ O O ' K ,  t h e  

comparat ively  l e s s e r  dec rease  i n  [v,] could imply a small 

i n c r e a s e  i n  t h e  a b s o l u t e  va lue  of t h e  mean speed a s  Ts 

i n c r e a s e s .  Such behavior  is somewhat s u r p r i s i n g ,  however, 
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and it i s  we l l  t o  r e c a l l  t h a t  t h i s  apparent dev ia t ion  

from expecta t ion  i s  wi th in  t h e  limits of experimental. 
I 

e r r o r .  

A s  a  f i n a l  poin t  i n  t h i s  sequence, t h e  r e l a t i v e  

t ime s t a b i l i t y  of t h e  Phase I1 su r face  may be seen by 

comparing t h e  Figures  5,2 , I 3  ' and 5,2,11 which present  

d a t a  taken Zhree days a p a r t  under e s s e n t i a l l y  i d e n t i c a l  

t e s t  condi t ions ,  While t h e r e  is approximately a 10% 
. . 

d i f f e r e n c e  i n  peak i n t e n s i t y  f o r  t h e  two d a t a  s e t s ,  SF is 
' 

wel l  preserved-. S i m i l a r l y ,  [v,] and [  AS^] a r e  e s s e n t i a l l y  

unchanged, a t  l e a s t  i n  t h e  high [I~], high c e r t a i n t y  range 

of €2, 2 30'. The small  i n c r e a s e  i n  [v,] and s i g n i f i c a n t -  

decrease  i n  [AS,] i n  t h e  range Qr < 30' t h a t  occur i n  

F igure  5.2.1-3 a r e  not  r e a d i l y  explained and may be spur ious ,  

5.2,3 Phase I11 Data 

Upon completion of exp lo ra t ion  of t h e  Phase I1 

s u r f a c e ,  t h e  t a r g e t  was cooled t o  3 0 0 ' ~  and t h e n  r a p i d l y  

heated t o  8 0 0 ~ ~  i n  an at tempt  t o  i d e n t i f y  t h e  p r i n c i p a l  

adsorbates .  The technique employed was t o  f a c e  t h e  

t a r g e t  toward a  continuously cycl ing  mass spectrometer 

dur ing  t h i s  hea t ing  period i n  an e f f o r t  t o  record  t h e  

v a r i a t i o n  i n  p a r t i a l  pressure  of t h e  p r i n c i p a l  gases  
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desorbed upon hea t ing ,  The r e s u l t s  obtained a r e  discussed 

l q t e r  on (Sect ion  5.5). 
- .  . " Previous experimental work by Bishara [20] ind ica ted  

t h a t  hea t ing  t h e  t a r g e t  crysta.1 t o  t h i s  range would r e s u l t  

i n  thermal. roughening of t h e  su r face .  The su r face  a s  it 

ex i s t ed  a t  t h e  end of t h i s  heat  t reatment  w i l l  be r e f e r r e d  

t o  a s  t h e  Phase 111-sur face ,  The d i s t r i b u t i o n s  of t h e  

s c a t t e r e d  flux obtained from t h i s  su r face  i n  t h e  p r i n c i p a l  

plane a t  Ts = 7 2 0 ' ~  a r e  displayed i n  Figures  5.2.14 ( taken , - ,  

a t  Qi = 65') and 5.2.15 ( t aken  a t  Bi = 7 0 ~ ) .  Comparison 

of Figure 5.2.15 with Figure 5.2.12 i n d i c a t e s  a  near ly  

three- fo ld  dec rease  i n  specular  i n t e n s i t y  and an even 

g r e a t e r  d e c l i n e  i n  t h e  shape f a c t o r ,  SF. For t h e  Phase III 

su r face ,  t h e r e  is a l s o  a  more prominent inc rease  i n  [ A  

with decreas ing  Qr i n  t h e  range Qr < Qi. Aside from t h e s e  

changes, however, t r e n d s  previousl-y noted a r e  s u b s % a n t i a l l y  

preserved. 

Lowering t h e  su r face  temperature t o  6 0 0 ' ~  ( s e  

Figure 5.2.16) e f f e c t e d  a  f u r t h e r  decrease i n  specular  

i n t e n s i t y  and a subs tant ia l .  decrease  i n  t h e  shape f a c t o r .  

It is p l a u s i b l e  t h a t  roughening of t h e  su r face  has r e s u l t e d  

i n  an i n c r e a s e  i n  t h e  r e l a t i v e  number of adsorpt ion  s i t e s  

a v a i l a b l e  pe r  u n i t  a r e a  (on t h e  macroscopic s c a l e )  and 

t h u s  has e f f e c t i v e l y  increased t h e  th resho ld  temperature 

f o r  s i g n i f i c a n t  adsorpt ion .  It has c e r t a i n l y  cont r ibuted  

t o  render ing  t h e  i n t e r a c t i o n  more d i f f u s e  and t h e  c o r r e l a t i o n  
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of increased  d i f fuseness  with lowering su r face  temperature 

s rves  a s  a  genera l ly  r e l i a b l e  i n d i c a t o r  of increased 7 
adsorpt ion .  

5.3 Argon Data 

On t h e  b a s i s  of B i s h a r a t s  r e s u l t s  [20] and t h e  

increased  t a rge t -de tec to r  spacing i n  t h e  present  experi-  

ments, it w a s  a n t i c i p a t e d  t h a t  t h e  s ignal- to-noise r a t i o  

would be marginal f o r  t h e  argon experiments. This  expecta- 

t i o n  proved c o r r e c t  and, consequently, d a t a  were recorded 

only f o r  t h e  Phase I1 t a r g e t  and only a t  t h e  h igher  

t a r g e t  temperatures  previously employed, i. e . ,  6 0 0 ' ~  5 T, < 
7 0 0 ~ ~ .  

The three-dimensional s c a t t e r i n g  d i s t r ibu . t ions  f o r  

room temperature argon inc iden t  a t  Qi = 50' onto a  6 0 0 ' ~  

su r face  a r e  presented i n  Figures  5.3.1 and 5.3.2. These 

f i g u r e s  d e p i c t  p r i n c i p a l  and t r a n s v e r s e  plane d i s t r i b u t i o n s ,  

r e s p e c t i v e l y .  The t r a n s v e r s e  planes chosen a r e  those  f o r  

Qr = 40°, 50°, and 60'. Reca l l  t h a t  t h e  same region  of 

s c a t t e r i n g  space was explored f o r  helium on a  Phase I 

s u r f a c e  i n  Figures  5.2.1 and 5.2.2. The preserva t ion  of 

a l l  q u a l i t a t i v e  t r e n d s  i n  helium s c a t t e r i n g  from t h e  

Phase I t o  t h e  Phase I1 surface  permits  q u a l i t a t i v e  
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comparisons of behavior between Figures  5 .3 .1  - 5.3.2 and 

5.2.1 - 5.2 .2 .  The most obvious d i f f e r e n c e s  i n  t h e  

d i s t r i b u t i o n s  of [I,] between t h e  two gases  a r e  a )  a 

pronounced subspecular  s h i f t  of t h e  i n t e n s i t y  maximum 

i n  t h e  p r i n c i p a l  p lane  f o r  argon and , b )  an increased  

prominence of d i f f u s e  s c a t t e r i n g  f o r  argon, t h e  l a t t e r  

evidenced by t h e  high i n t e n s i t y  a t  t h e  normal r e l a t i v e  

t o  t h a t  a t  t h e  maximum. The su.bspecular (toward t h e  normal) 

s h i f t  of t h e  inLens i ty  maximum is on t h e  o rde r  of  2.5'. . ,  

A s  a r e s u l t  of t h e  increased  d i f fuseness  of t h e  s c a t t e r i n g ,  

t h e  d i s t r i b u t i o n s  of [I,] i n  both t h e  p r i n c i p a l  and 

t r a n s v e r s e  planes a r e  f a r  broader than  those  f o r  helium. 

' P r i n c i p a l  plane va lues  of t h e  normalized mean 

speed, [v,], f o r  argon d i s p l a y  a more pronounced i n c r e a s e  

as 8,-90. Again, it is est imated t h a t  t h e  va lues  of [v,] 

as p l o t t e d  a r e  sys temat ica l ly  low, i n  t h e  case of argon 

by about 4%. (see Reference Ll.53.) On t h i s  assumption, 

t h e  d a t a  i n d i c a t e  t h a t  [vr] is s t i l l  c l o s e r  t o  [v. ] t h a n  
1 

t o  [v,] 1 ,  i n d i c a t i n g  only moderate energy accommodation 

of t h e  argon atoms. P r i n c i p a l  plane va lues  of t h e  speed 

spread ,  [: " s r I t  a r e  n e a r l y  twice those  observed f o r  helium, 

i n d i c a t i n g  a p ropor t iona te  decrease i n  speed-coherency 

i n  t h e  argon-si lver  i n t e r a c t i o n .  It is i n t e r e s t i n g  t o  

n o t e  i n  t h i s  regard  t h a t  t h e  behavior of t h e  speed spread 

i n  t h e  v i c i n i t y  of t h e  normal f o r  argon s c a t t e r i n g  from 



t h e  Phase I1 s u r f a c e  i s  very s i m i l a r  t o  t h e  behavior 

a  proached by helium s c a t t e r i n g  from t h e  Phase 111 P 
( ~ o u g h e r )  su r face .  S i g n i f i c a n t l y ,  however, t h e  helium * " -  

d a t a ,  even i n  t h i s  s t a t e ,  cons i s t en t ly  displayed not iceably  

smal ler  values f o r   AS^]. 

I n  terms of t r e n d s ,  t h e  speed spread f o r  argon has 

a  l e s s  sharp ly  def ined  minimum which occurs not  a t  t h e  

specular  but i n  t h e  range between 0, = Qrm ( t h e  p o s i t i o n  

of t h e  i n t e n s i t y  maximum) and the specular .  Furthermore, 

[AS,] t ends  t o  i n c r e a s e ,  by s i m i l a r  amounts, both f o r  

Qr < Q,, and 8, > 0- i .  This c o n t r a s t s  with t h e  behavior 

f o r  helium where  AS^] exhib i ted  a  minimum c o n s i s t e n t l y  

a t  t h e  specular  d i r e c t i o n  and increased s i g n i f i c a n t l y  

only a s  Or decreased.  I n  t h e  t r ansverse  p lanes ,  [ A s,] 
f o r  argon i s  seen t o  decrease t o  a  r e l a t i v e  minimum a t  t h e  

i n t e r s e c t i o n  with t h e  p r i n c i p a l  plane.  

I n  summary, t h e  i n t e r a c t i o n  of argon with s i l v e r  

i s  much more d i f f u s e  than  t h a t  of helium with s i l v e r  and 

l e a d s  t o  a  g r e a t e r  l o s s  i n  speed-coherency between t h e  

inc iden t  and s c a t t e r e d  atoms, 

The dependence of t h e  d i s t r i b u t i o n s  of  i n t e n s i t y ,  

mean speed, and spread i n  t h e  p r i n c i p a l  p lane  on t h e  angle  

of incidence of t h e  argon beam has been explored. This  

dependence i s  i l l u s t r a t e d  f o r  Qi = 35', 50°, and 70°, first 

f o r  Ts = 6 0 0 * ~ ,  i n  Figures  5.3.3 - 5.3.5,  and then  f o r  
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Ts = 7 0 0 ° ~ ,  i n  Figures  5.3.6 - 5.3.8. Upon inspect ion  of 
" .  

t h e s e  f i g u r e s ,  it i s ' obse rved  t h a t ,  a t  e i t h e r  Ts, t h e  
I 

rna'ximum values  of t h e  normal-ised i n t e n s i t i e s  a r e  c l e a r l y  

f a r  l e s s  dependent upon 8i than  a r e  t h e i r  counterpar ts  f o r  

helium, The v a r i a t i o n  of t h e  maximum i n t e n s i t y  with Qi 

i n  t h e  case of Ts = ~ O O ' K ,  which i s  t h e  only case t o  .show 

s i g n i f i c a n t  8i dependence, appears muted with a  peak i n  

t h e  region  between Qi = 50' and B i  = 70'. This  behavior 

is  markedly d i f f e r e n t  from t h a t  observed by Sa l t sburg  and . 

Smith 131 f o r  whom maximum i n t e n s i t y  con t inua l ly  decreased 

with inc reas ing  B i  over t h e  same range,  y e t  s i m i l a r  t o  

t h a t  found by Bishara [20], It i s  not  inmediately c l e a r  

whether t h i s  d i f f e r e n c e  i n  behavior is .wholly a t t r i b u t a b l e  

t o  t h e  var iance  i n  su r face  qua]-ity between Sa l t sburg  and .. 

Smith's  " f r e s h l y  deposited" su r face  and t h e  r e l a t i v e l y  

aged Phase 11 su r face  s tud ied  here.  It i s  of i n t e r e s t ,  

however, t h a t  a s  incident-beam temperature r i s e s  from - 

3 0 0 ' ~  t o  1 5 5 0 ' ~  i n  t h e  d a t a  recorded i n  Sa l t sburg  and - - 

Smith 's  [3] Figure 9 ,  t h e  Bi-dependence of t h e  maximum 

i n t e n s i t y  g radua l ly  r eve r ses  i t s  d i r e c t i o n ,  apparent ly 

d i sp lay ing  a behavior s i m i l a r  t o  t h a t  seen  here  when 

t h e i r  inc iden t  beam i s  i n  t h e  v i c i n i t y  of 1 0 0 0 ~ ~ .  L i t t l e  

can be s a i d  here  concerning how s u r f a c e  condi t ion and beam 

temperature may be r e l a t e d  i n  determining t h i s  Bi-dependence. 



0 20 4 0 60 80 

'r 
Figure 5.3.6 Argon (300)/Ag (700) I1 



Figure 5.3.6 



0 20 4 0 6 0 80 ' r 
Figure 5.3.7 Argon(300)/Ag(700) 11 



Figure 5.3.7 



0 2 0 4 0 6 0 80 

'r 
Figure 5.3.8 Argon(300)/Ag (700) 11 



Figure 5.3.8 



Equa.1l-y i n t e r e s t i n g  is t h e  dependence of t h e  

subspecular  s h i f t  upon Qi. For both su r face  temperatures ,  

t h e  ex ten t  of t h e  subspecular  s h i f t  i nc reases  a s  Qi 

i n c r e a s e s ,  t h i s  e f f e c t  being more pronounced a t  t h e  lower 

su r face  temperature.  Figure 5.3.9 p resen t s  t h e  subspecular  

s h i f t s  of t h e  i n t e n s i t y  maxima f o r  t h e s e  d a t a  and a l s o  f o r  

d a t a  by Bishara [20] and by Sa l t sburg  and Smith [3],  a l l  

i n  t h e  range T, s 600'~.  It i s  noteworthy t h a t ,  a f t e r  t h i s  

d e t e r i o r a t i o n  of i t s  r e f l e c t i v i t y ,  t h e  vapor-deposited sur-  

f a c e  i n  i ts Phase I1 condit ion -- behaves --- c o m ~ b l ~  - t o  t h e  

mechanicall-y processed su r face  enlpl-oyed by Bishara.  It 

should be emphasized i n  t h i s  d i scuss ion ,  however, that, 

t h e  obvious random s c a t t e r  present  i n  t h e  i n t e n s i t y  d a t a  

l i m i t s  t h e  confidence i n  t h e  t r e n d s  shown f o r  t h e  p resen t  

--experiments. 

5 4 Temperature Dependence f o r  Helium 

Attempts were made t o  more d e f i n i t e l y  c h a r a c t e r i z e  

t h e  e f f e c t s  of changing s u r f a c e  temperature upon t h e  

p r o p e r t i e s  of t h e  s c a t t e r e d  beams. The d a t a  obtained vary 

i n  range and completeness due t o  Limi ta t ions  imposed by 

o t h e r  a s p e c t s  of t h e  experiment. For example, during 

Phase I t h e  upper temperature l i m i t  was s e t  a t  6 0 0 ' ~  i n  
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order  t o  minimize t h e  chance of thermal roughening. I n  a l l  

cases ,  temperature cycl ing  was r e s t r i c t e d  t o  l i m i t s  

compatible with t r a n s i - t i o n  t o  t h e  s e r i e s  of experiments 

scheduled t o  fol low.  

I n  t h e s e  'experiments, t h e  v a r i a t i o n s  of [I,], [v,], 

and [AS 1 with Ts were observed f o r  helium incid-ent a t  r 
Bi = 70' and s c a t t e r e d  i n  t h e  specu la r  d i r e c t i o n  by t h e  

s u r f a c e  i n  each of its t h r e e  phases. It should be noted ,  

i n  d i scuss ing  t h e  d a t a ,  t h a t  due t o  t h e  f a i l u r e  t o  fit  a  I c ' I 

thermocouple d i r e c t l y  t o  t h e  s i l v e r  s u r f a c e ,  a  h y s t e r e s i s  

e f f e c t  i s  present  i n  t h e  i n t e n s i t y  - temperature curves 

and i s  observable where po in t s  were recorded during both 

hea t ing  and cooling. This  h y s t e r e s i s  r e s u l t s  from t h e  - 

n e c e s s i t y ,  due t o  t ime l i m i t a t i o n s ,  of r ecord ing  t h e  thermo- - 

couple measurements involved while t h e  a c t u a l  su r face  

temperature w a s  changing. Nevertheless ,  t h e  d a t a  obtained 

d i s p l a y  acceptable  t r e n d s  i n  a cons i s t en t  fash ion .  T 

- .  f u l l  h y s t e r e s i s  loop (displayed i n  Figure 5.4.2) has been 

- employed i n  conjunct ion with previous c a l i b r a t i o n  d a t a  t o  

e s t ima te  the. " t rueu  temperature versus  i n t e n s i t y  curves 

accompanying t h e  p l o t t e d  d a t a  po in t s .  

Figure 5.4.1 records  t h e  dependence of [I~], [v,], 

and [AS,] upon t h e  su r face  temperature i n  t h e  range 

4 . 0 0 ~ ~  5 Ts _( 6 0 0 ' ~  f o r  t h e  Phase I s u r f a c e  during one 

cool ing sequence. Note t h a t  [I,] inc reases  i n i t i a l l y  a s  
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Ts d e c r e a s e s ,  t h e n  r a p i d l y  dec reases  as Ts drops  below 

about  450 '~ .  This  marked dec rease  of  s p e c u l a r  i n t e n s i t y  

w i t h  dec reas ing  s u r f a c e  tempera ture  has  a l s o  been observed 

by S a l t s b u r g  and Smith [ 3 ]  i n  t h e  range 4 7 0 ~ ~  - 4 2 0 ~ ~ .  It 

is a  r e v e r s i b l e  f u n c t i o n  of s u r f a c e  tempera ture  (see Figure  

5.4.2 ) prominent i n  t h e  first two phases  of  %he p r e s e n t  

s u r f a c e .  The i n t e n s i t y  maximum observed h e r e  between 4 5 0 ' ~  

and 4 8 0 ' ~  w a s  a p p a r e n t l y  no t  p r e s e n t  i n  t h e  d a t a  o f  

S a l t s b u r g  and Smith ,  however, a s  t h e y  imply t h a t  [I,] f o r  

hel ium s c a t t e r i n g  i s  r e l a t i v e l y  independent of  Ts i n  t h e  

range 4 7 0 ' ~  - 680 '~ .  This  v a r i a n c e  i s  i i k e l y  a r e s u l t  oP 

d i f f e r e n c e s  i n  s u r f a c e  q u a l i t y  o r  i n  r e l a t e d  exper imenta l  

cond i t i ons  such a s  t h e  aforementioned r e c o r d i n g  of  d a t a  

wi thout  awa i t i ng  thermal  equ i l i b r ium.  

It i s  of i n t e r e s t ,  however, t h a t  t h e r e  e x i s t s  a 

c o r r e l a t i o n  between t h e  i n t e n s i t y  maxima observed and 

minimum va lues  of t h e  speed spread .  ( T h i s  t r e n d  i s  most 

pronounced i n  F igure  5.4.2.) The o v e r a l l  Low v a l u e s  of  t h e  

speed spread  i n d i c a t e  a predominantly e l a s t i c  energy 

exchange a t  t h e  s u r f a c e  i n  t h i s  usmoothestn phase.  The 

c o r r e l a t i o n  between d e c l i n i n g  speed sp reads  and i n c r e a s i n g  

i n t e n s i t i e s  i s  c o n s i s t e n t  wi th  expec t a t i ons  f o r  i n c r e a s i n g l y  

e l a s t i c  behavior .  The r e g u l a r  i nc rease '  of  [v,] with1 

dec reas ing  Ts i s  due t o t a l l y  t o  t h e  a t t e n d a n t  dec rease  of 

(vs) ; t h e  a c t u a l  magnitude of  (vr ) remains unchanged and 



Figure 5.4.2 Heliurn(300)/Ag( I1 



Figure 5.4.2 



e s s e n t i a l l y  equal  t o  (vi ) . 
Figure 5.4.2 records a  more extens ive  s tudy per- 

formed a t  t h e  i n i t i a t i o n  of Phase 11. Data a r e  d i f f e r e n t i a t -  

ed according t o  whether they  were recorded during t h e  

hea t ing  o r  cool ing por t ion  of t h e  temperature cycle .  A s  

presented,  t h e  r e s u l t s  c l e a r l y  d i s p l a y  t h e  experimentally 

induced h y s t e r e s i s  i n  i n t e n s i t y  mentioned previously.  This  

e f f e c t  is  considerably l e s s  pronounced i n  t h e  mean speed and 

speed spread da ta ,  Note t h e  excell-ent c o r r e l a t i o n  of t h e  

region of r a p i d  i n t e n s i t y  d e c l i n e  between t h e  two phases and 

-- -- - t h e  very similar behavior of both [v,] and [AS,]. The 

"agingv process  has  c l e a r l y  ef fec ted  no s i g n i f i c a n t  

q u a l i t a t i v e  changes i n  s c a t t e r i n g  a s  a  f u n c t i o n  of s u r f a c e  

temperature . 
The t r a n s i t i o n  t o  Phase 111, on t h e  cont rary ,  r e s u l t e d  

. ,, i n  markedly d i f f e r e n t  behavior of t h e  s c a t t e r e d  f l u x  a s  can 

be seen i n  Figure 5.4.3,  showing d a t a  f o r  t h e  Phase 111 

su r face  during cooling. The specu la r  i n t e n s i t i e s  recorded 

a r e  s i g n i f i c a n t l y  lovrer throughout t h e  temperature range 

explored t h a n  those  seen i n  e i t h e r  previous phase and t h e  

d i s t i n c t  t r a n s i t i o n  "s tepH i n  i n t e n s i t y  between 4 5 0 ' ~  and ' 

1+0o0K i s  absent .  Concurrent with t h e  o v e r a l l  decrease i n  

specular  i n t e n s i t y  i s  an o v e r a l l  i nc rease  i n  t h e  spedd 

spread.  Both i n t e n s i t y  and speed spread a r e  devoid of t h e  

l f s t r u c t u r e w  previously displayed i n  t h e  v i c i n i t y  of t h e  
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t r a n s i t i o n  r e g i o n .  Only t h e  normalized mean speed ,  [v,], 

remains v i r t u a l l y  unaf fec ted  by t h e  phase change, w i th  

(vr ) s t i l l  e s s e n t i a l l y  i d e n t i c a l  t o  (vi) . 
I n  t h e  fo rego ing  d a t a ,  v a r i a t i o n s  i n  s p e c u l a r  

i n t e n s i t y  and speed sp read  have been r e l a t e d  t o  changes i n  

s u r f a c e  tempera ture  and i n  s u r f a c e  cond i t i on .  The tempera- 

t u r e  dependence of t h e s e  v a r i a t i o n s  is  obse rvab le  i n  a l l  

t h r e e  phase-s, bu t  i t s  prominence over  a l i m i t e d  tempera ture  

range i n  t h e  first two phases coupled wi th  i t s  r e v e r s i b i l i t y  

tmply t h a t  t h e  mechanism involved h e r e  i s  t h e  a d s o r p t i o n  o f  

one o r  more c o n s t i t u e n t s  o f  t h e  background gas .  The f i n d i n g s  

d i scussed  i n  t h e  fol-lowing s e c t i o n  lend  suppor t  t o  t h i s  

concl.usion. On t h e  o t h e r  hand, t h e  dependence of s p e c u l a r  

i n t e n s i t y  and speed spread  upon s u r f a c e  phase is  i r r e v e r s i b l e  

implying t h a t  "agingH i n  vacuum and,  more impor t an t ly ,  

exces s ive  h e a t i n g  of t h e  s u r f a c e  e f f e c t  a  permanent change 

i n  its topography.  This  t t rougheningtl  of t h e  s u r f a c e  l e a d s  

t o  more d i f f u s e  and more accorn~nodated s c a t t e r i n g  and s i g n i -  

f i c a n t l y  d imin ishes  t h e  e x t e n t  t o  which s u r f a c e  tempera ture  

c o n t r o l s  t h e  r e s p e c t i v e  magnitudes of  t h e  s p e c u l a r  i n t e n s i t y  

and speed spread .  



5 .5  Adsorbed Contaminants 

During t h e  cou.rse of t h e  experiments,  mass spectro-  

meter readings  were taken  a t  r e g u l a r  i n t e r v a l s  t o  monttor 

t h e  background c o n s t i t u e n t s  wi th in  t h e  t e s t  chamber. The 

most prominent of t h e s e  a r e  presented i n  Table 5 . 5 . 1  

t o g e t h e r  wi th  t h e i r  approximate p a r t i a l  p ressu res  i n  a 

background of about 2.5 x lo-.' t o r r .  

A s  mentioned e a r l i e r ,  an at tempt  was'made t o  de te r -  + .  

mine t h e  p r i n c i p a l  c o n s t i t u e n t s  adsorbed onto t h e  t a r g e t  

su r fa -ce -a t  lower temperatures  by cool ing t h e  t a r g e t  t o  

300°K, f a c i n g  it toward a mass spectrometer1 s e t  t o  cycle  

continuously through t h e  mass range 12-70 amu a t  a r a t e  of 

one cycle  every 30 seconds,  and then  hea t ing  it r a p i d l y  t o  

about 8 0 0 ~ ~ .  The e n t i r e  procedure took 16 minutes ( 32 

A necessary s a c r i f i c e  f o r  t h i s  r a p i d  cycl ing ,  

however, was an a t t endan t  l o s s  of s e n s i t i v i t y  by t h e  

spectrometer .  A s  a r e s u l t  both of t h i s  s e n s i t i v i t y  l o s s  

and of background n o i s e  l e v e l s ,  only f o u r  of t h e  ind ica ted  

c o n s t i t u e n t s  (H20, N2 / GO, C02, and OH) could be p r o f i t a b l y  

monitored. (The spectrometer w a s  capable of a nominal 

-10 s e n s i t i v i t y  of 10  t o r r . )  During t h e  course of hea t ing ,  

peaks f o r  each of t h e  f o u r  observed c o n s t i t u e n t s  were 

p.-s- 

' ~ e r o v a c  AVA - 1 



Table  5 . 5 . 1  

P r i n c i p a l  Background C o n s t i t u e n t s  i n  t h e  Tes t  Chamber 

Gas Parti a1 P r e s s u r e  

( x 1.0-~ t o r r  ) 

Note: T o t a l  P re s su re  r 5 x lo-? t o r r .  The p a r t i a l  

p r e s su re s  recorded a r e  nomi-nal va lues .  



measured t o  determine when and t o  what e x t e n t  d e s o r p t i o n  of  

any one o f  them might occur .  I n d i c a t i o n s  were t h a t  t h e  

N2 / CO s i g n a l  doubled i ts va lue  a t  about 4 0 0 ~ ~  and t h a t  H20 

i nc reased  i t s  va lue  by about 50% nea r  500'~. A s m a l l e r  

i n c r e a s e  i n  t h e  va lue  of  C02 seemed t o  occur  between t h e s e  

two tempera tures  bu t  t h e  amount o f  t h e  i n c r e a s e  r e l a t i v e  t o  

t h e  sys tem's  n o i s e  l e a v e s  some doubt as t o  t h e  v a l i d i t y  of  

t h i s  obse rva t ion ,  

Due t o  t h e  f a c t s  t h a t  a )  t h e  mass spec t rometer  t u b e  

s a t  some 60 cm. from t h e  t a r g e t  and b )  t h e  two were s e p a r a t -  

ed by t h e  r e l a t i v e l y  opaque sp inn ing  chopper wheel,  t h e  

s i g n a l s  observed were probably r e p r e s e n t a t i v e  of t h e  average  

background c o n s t i t u e n t s  and no t  o f  t h o s e  b o i l i n g  d i r e c t l y  o f f  

t h e  t a r g e t ,  F u r t h e r ,  s i n c e  t h e  t a r g e t  h e a t e r  block was hot- 

t e r  t h a n  t h e  t a r g e t  and,  t o g e t h e r  with its a s s o c i a t e d  

r a d i a t i o n  s h i e l d i n g ,  p resen ted  a l a r g e r  s u r f a c e  a r e a  f o r  

d e s o r p t i o n ,  it is probable  t h a t  some, if not most, of  t h e  

desorbed g a s e s  came from t h j s  source .  Never the less ,  t h e  

r e s u l t s  a r e  i n t e r e s t i n g  and s i n c e  CO and H 2 0  a r e  known t o  be 

p reva l en t  background c o n s t i t u e n t s  i n  any s t e e l  vacuum 

chamber, it would appear  t h a t  adsorp t ion /desorp t ion  o f  CO is 

t h e  mechanism r e s p o n s i b l e  f o r  t h e  r e v e r s i b l e  t r a n s i t i o n  of  

i n t e n s i t y  i n  t h e  s u r f a c e  tempera ture  range 4 0 0 ~ ~  - 450'~.  



CHAPTER 6 

COMPARISON AND SUMMARY OF RESULTS 

6.1 Comparison wi th  R e s u l t s  o f  Prev ious  S t u d i e s  

The purpose of  t h i s  s e c t i o n  i s  t o  s e t  t h e  d a t a  pre-  

s en t ed  i n  t h e  preceding chap te r  i n  some pe r spec t ive  r e l a t i v e  

t o  d a t a  ob ta ined  by o t h e r  exper imente rs .  O f  p a r t i c u l a r  

i n t e r e s t  is  an  e v a l u a t i o n  through t h e s e  d a t a  of d i f f e r e n c e s  

i n  t h e  cond i t i on  of t e s t  s u r f a c e s  from l a b o r a t o r y  t o  

1 abo ra to rv .  

Data ob ta ined  by s c a t t e r i n g  helium from e p i t a x i a l l y  

grown (111) s i l v e r  s u r f a c e s h a v e b e e n  recorded by S a l t s b u r p  

and  Smith [31 and by S a l t s b u r g ,  Smith and Palmer 1231  o f  

General  Atomic; by Romney [ 5 ]  o f  P r ince ton ;  and by t h e  

au tho r .  I n  o r d e r  t o  compare t h e  i n t e n s i t y  d i s t r i b u t i o n s  on 

a  q u a n t i t a t i v e  b a s i s ,  an  attempt, has  been made t o  p l o t  t h e s e  

d a t a  on a  common s c a l e .  I n s p e c t i o n  of t h e  a v a i l a b l e  

0 s c a t t e r i n g  d a t a  f o r  helium i n c i d e n t  a t  50 on to  t a r g e t s  i n  

t h e  v i c i n i t y  of 5 8 0 ' ~  r evea l ed  t h a t  a l l  of  t h e  p r i n c i p a l  

p lane  i n t e n s i t y  d i s t r i b u t i o n s  recorded by any one l a b o r a t o r y  

d i sp l ayed  an  e s s e n t i a l l y  cons t an t  i n t e n s i t y  a t  Qr = 20' 

r e g a r d l e s s  of changes i n  t h e  s h a ~ e  f a c t o r  of t h e  d i s t r i b u t i o n  



due t o  ag ing  o r  o t h e r  c o n s i d e r a t i o n s .  Consequently,  t h e  

d e s i r e d  common s c a l e  w a s  achieved by matching t h e  i n t e n s i t i e s  

a t  Or = 20' f o r  t h e  f o u r  d a t a  s e t s  p r e sen t ed .  While t h i s  i s  

a  r ea sonab le  procedure on p h y s i c a l  grounds ,  it is  e s t ima ted  

t h a t  a n  e r r o r  o f  a s  much as * 50% is s t i l l  p o s s i b l e  i n  t h e  

r e l a t i v e  magnitudes ass igned  t h e  d i f f e r e n t  d a t a  s e t s .  

F igu re  6.1.1. d i s p l a y s  p r i n c i p a l  p lane  i n t e n s i t y  

d i s t r i b u t i o n s  from f o u r  s e p a r a t e  exper iments  f o r  room- 

tempera ture  helium i n c i d e n t  a t  8 .  = 50' on to  e p i t a x i a l l y  
I 

grown (111)  s i l v e r  s u r f a c e s  wi th  5 5 0 ' ~  5 Ts 5 600 '~ .  The 

l e a s t  l o b u l a r  d i s t r i b u t i o n  shown i s  from Rornneyl [ 5 ]  and w a s  

recorded some 117 minutes a f t e r  d e p o s i t i o n .  Following i n  

o r d e r  of i n c r e a s i n g  l o b u l a r i t y  a r e  t h e  d i s t r i b u t i o n  recorded  

i.n t h e  p r e s e n t  experiments some 24.0 minutes a f t e r  d e p o s i t i o n  

and,  r e s p e c t i v e l y ,  t h e  low and h igh  r e s o l u t i o n  d i s t r i b u t i o n s  

recorded by S a l t s b u r g ,  Smith,  and Palmer [ 2 3 ]  on " f r e s h l y  

depos i t edu  f i l m s  (assumed l e s s  t han  an hour o l d ) .  The 

d l f f e r e n c e s  i n  o v e r a l l  angu la r  r e s o l u t i o n  due t o  t h e  

combined e f f e c t s  of f j n i t e  i n c i d e n t  beam d ivergence  and 

f i n i t e  a n g u l a r  r e s o l u t i o n  of t h e  d e t e c t o r  a r e  l i s t e d  i n  t h e  

f i g u r e .  C l e a r l y  t h e  d i f f e r e n c e s  i n  t h e  d i s t r i b u t i o n s  a r e  

p a r t i a l l y  a t t r i b u t a b l e  t o  d i f f e r i n g  r e s o l u t i o n s .  Never the less ,  

? t  appears  t h a t  t h e  s u r f a c e s  employed by t h e  group a t  

'Romney used a  d e n s i t y - s e n s i t i v e  d e t e c t o r ;  t o  t h e  known 
e x t e n t  t h a t  (vr ) is independent of  s c a t t e r i n g  d i r e c t i o n ,  it 
is a p p r o p r i a t e  t o  i n t e r p r e t  h i s  helium d a t a  a s  i n t e n s i t y  
d i s t r i b u t i o n s .  
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General  Atomic a r e  s i g n i f i c a n t l y  smoother t h a n  t h o s e  

employed e i t h e r  by Romney o r  by t h e  a u t h o r .  

A p a r t i a l  comparison of d a t a  f o r  t h e  i n t e n s i t y  

d i s t r i b u t i o n  i n  t h e  t r a n s v e r s e  s p e c u l a r  p lane  corresponding 

t o  t h e  d a t a  i n  F igu re  6.1.1 is shown i n  F igu re  6 .1 -2 .  The 

on ly  d a t a  a v a i l a b l e  were t h o s e  from t h e  h igh  r e s o l u t i o n  work 

of t h e  General  Atomic group and t h e  p re sen t  study. Both 

t r a n s v e r s e  d i s t r i b u t i o n s  d i s p l a y  a n g u l a r  widths  measured a t  

half-maximum i n t e n s i t y  t h a t  a r e  narrower t h a n  t h o s e  of  t h e  

corresponding p r i n c i p a l  p lane  d i s t r i b u t i o n s  i n  F igure  6.,-.1. 

T h e i r  r e l a t i v e  shapes  l i k e w i s e  appear  c o n s i s t e n t  wi th  t h e  

corresponding p r i n c i p a l  p lane  d a t a .  

The decay of s u r f a c e  r e f l e c t i v i t y  a s  a f u n c t i o n  o f  

t ime du r ing  t h e  first s e v e r a l  hours  a f t e r  d e p o s i t i o n  has  

been s t u d i e d  by Romney. One measure of  t h i s  r e f l e c t i v i t y  i s  

t h e  i n t e n s i t y  a t  t h e  s p e c u l a r  ang le .  These d a t a  have been 

e x t r a c t e d  from Romney's r e s u l t s  f o r  t h e  case  o f  room- 

tempera ture  helium i n c i d e n t  a t  Qi = 50' upon 8 5 7 3 ' ~  s i l v e r  

s u r f a c e  over  a pe r iod  of  s e v e r a l  h o u r s , a n d a r e p r e s e n t e d  i n  

F igure  6.1.3. Also presen ted  i n  t h i s  f i g u r e  a r e  r e f e r e n c e  

p o i n t s  ob t a ined  under s i m i l a r  cond i t i ons  f o r  s p e c u l a r l y  

d i r e c t e d  hel iumbeamsobserved by S a l t s b u r g  and Smith ,  [3 ] ,  

and by t h e  a u t h o r .  The d a t a  p resen ted  a r e  s c a l e d  r e l a t i v e  t o  

one ano the r  i n  t h e  manner desc r ibed  f o r  F igure  6.1.1. It 

should be noted t h a t  between t h e  two p o i n t s  e x t r a c t e d  from 
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S a l t s b u r g  and Smi th ' s  d a t a ,  t h e  t a r g e t  experienced some 1 5  

hours  a t  T ~ = ~ O O ~ K  a t  a p r e s s u r e  of  100 )r fol lowed by 5 hours  

a t  T s a  5 6 0 ' ~  a t  a  p r e s s u r e  of  5 x  t o r r .  The r e l a t i v e  

i n t e n s i t i e s  ass igned  t h e s e  p o i n t s  r e l y  e x p l i c i t l y  upon t h e  

assumption t h a t  i n t e n s i t i e s  can be s a f e l y  matched a t  0, = 20'. 

The d a t a  recorded by bo th  Romney and t h e  a u t h o r  a r e  f o r  

cons t an t  t empera ture  s u r f a c e s  cont inuous ly  under vacuum a t  a 

p r e s s u r e  n e a r  5 x t o r r .  These l a t t e r  d a t a  sugges t  t h a t  

t h e  ag ing  of t h e  s u r f a c e ,  by whatever p rocess  may be involved ,  

i s  e s s e n t i a L l y  complete a f t e r  t h e  first f o u r  hours  fo l lowing  

d e p o s i t i o n .  The s t a t emen t  by S a l t s b u r g  and Smith t h a t :  

"Only a f t e r  ove rn igh t  exposure t o  t h e  atmosphere w a s  t h e  

subsequent  s c a t t e r i n g  found t o  be s e r i o u s l y  affected." '  is 

no t  n e c e s s a r i l y  i n  c o n t r a d i c t i o n  wi th  t h e s e  r e s u l t s  bu t  may 

i n d i c a t e  t h a t  t h e i  r system is  f r e e r  of contaminants t h a n  

systems y i e l d i n g  more Ittime-dependentw r e s u l t s .  

The p r i n c i p a l  p l ane  s c a t t e r i n g  d i s t r i b u t i o n s  f o r  

argon i n c i d e n t  a t  Qi = 50' on to  e p i t a x i a l l y  grown (111) 

s i l v e r  s u r f a c e s  i n  t h e  range  Ts = 550'~ - 600'~ a r e  shown 

i n  F igure  6.1.4. f o r  d a t a  ob ta ined  by S a l t s b u r g  and Smith [ 3 1  

with  " f r e s h w  s u r f a c e s  and by t h e  a u t h o r  wi th  a Phase I1 

s u r f a c e  a t  285 hours  e l apsed  t ime.  Also inc luded  a r e  

comparable d a t a  ob ta ined  by Bishara  [ 2 0 ]  with a po l i shed  

' ~ a l t s b u r ~  and Smith,  wMolecular  Beam S c a t t e r i n g  from t h e  
(111) PLane of Si lver , I i  ---- The ,Journal o f  Ch-emj.cal Physi  c s ,  -- 
p. 2176, S e p t .  1 5 ,  1-966. 
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(111) s i l v e r ' s u r f a c e .  A s  i n  p rev ious  f i g u r e s ,  bes t -  

e s t i m a t e s  o f  s c a l e  f a c t o r s  have been employed t o  enab le  

some measure of  comparison on a q u a n t i t a t i v e  b a s i s .  It is  

obvious  t h a t  t h e  S a l t s b u r g  and Smith s u r f a c e s  a r e  cons ider -  

a b l y  more r e f l e c t i v e  t h a n  t h a t  s t u d i e d  by t h e  au tho r  f o r  

argon s c a t t e r i n g  j u s t  a s  t h e y  were f o r  helium s c a t t e r i n g .  

On t h e  o t h e r  hand, t h e  Phase I1 s u r f a c e  appears  very  s i m i l a r  

t o  t h e  po l i shed  s u r f a c e s  used by Bishara .  S ince  it is known 

[20] t h a t  B i s h a r a ' s  s u r f a c e s  had i r r e g u l a r i t i e s  on t h e  o r d e r  

o f  0.1 f i  i n  h e j g h t ,  t h e  d a t a  would indica*,e comparable 

roughness f o r  t h e  p re sen t  s u r f a c e .  It i s  a l s o  observed t h a t  

t h e  l e s s  r e f l e c t i v e  a  s u r f a c e  t h e  more u s u b s p e c u l a r l ~  

( <  Q )  i t s  s c a t t e r e d  i n t e n s i t y  d i s t r i b u t i o n  t e n d s  t o  be. 

The comparison between t h e  s u r f a c e  employed by 

Bishara  and t h a t  s t u d i e d  h e r e  can be cont inued t o  i n c l u d e  t h e  

speed s p r e a d ,   AS^], and t h e  mean speed [v,]. F igu re  6.1.5 

d i s p l a y s  such a comparison. Note t h e  very  s i m i l a r  t r e n d s  i n  

behavior  of both  [AS,] and [v,] between t h e  two d a t a  s e t s .  

The c o n s i s t e n t l y  lower v a l u e s  of  [v,] f o r  t h e  e p i t a x i a l l y  

grown s u r f a c e  appear  t o  i n d i c a t e  a  r e a l  d i f f e r e n c e  i n  t h e  

thermal  accommodation of  t h e  two s u r f a c e s .  The r e l a t i o n  

o f  [v,] t o  [vi] f o r  t h e  p re sen t  d a t a  imp l i e s  lower thermal  

accommodation. This  i n d i c a t i o n  is suppor ted by t h e  cons i s -  

t e n t l y  lower va lues  of [AS,] a l s o  observed f o r  t h e  e p i t a x i a l  

s u r f a c e ,  



Fi  qurc  6.1.5 A r f ~ o n (  3 0 0 ) / A E (  550-6(10"~) 
Compar i  son  of F ' r i r i r j  pal. P l a n e  

S c n t t e r i n p  f o r  P i =  50' 



6.2 Summary of  Findings  

I n  view of t h e  l e n g t h  o f  t h e  preceding chap te r ,  a 

b r i e f  summary of t h e  more prominent c h a r a c t e r i s t i c s  and mare 

c o n s i s t e n t l y  observed q u a l i t a t i v e  t r e n d s  is  adv i sab le .  

Where p o s s i b l e ,  f o r  compactness, t h e s e  t r e n d s  w i l l  be d i s -  

played i n  terms o f  t h e  s imple  f u n c t i o n a l  no ta t ion :  

(P rope r ty )  P 0 - a (Var i ab l e )  
- 

Room tempera ture  helium s c a t t e r e d  from t h e  ho t  (500 - 
700 '~ )  s i l v e r  t a r g e t  cons i s t ; en t ly  d i s p l a y s  i ts maximum in t en -  

s i t y  and minimum speed sp read  a t  t h e  s p e c u l a r  ang le .  I n t e n s i t y  

d e c r e a s e s  s h a r p l y  upon l e a v i n g  t h e  specu ln r  d i r e c t i o n  i n  

bo th  p r i n c i p a l  and t r a n s v e r s e  p l anes  (somewhat more s o  i n  t h e  

l a t t e r ) .  The spread  in speeds  i n c r e a s e s  s l i g h t l y  on proceeding 

t r a n s v e r s e l y  away from t h e  p r i n c i p a l  p lane  but  its most 

n o t i c e a b l e  i n c r e a s e  occu r s  wi th  dec reas ing  Qr i n  t h e  p r in -  

c i p a l  p lane  ove r  t h e  range 0 _< 8, 5 Qi.. For Qr > Qi, t h e  

speed spread  r i s e s  s l i g h t l y  above its va lue  a t  t h e  s p e c u l a r ,  

t h e n  l e v e l s  o f f ,  The mean speed o f  t h e  s c a t t e r e d  helium atoms 

d i s p l a y s  on1.y s l i g h t l y  lower v a l u e s  w i t h i n  t h e  p r i n c i p a l  

p lane  t h a n  intheobservedtransverseplanes. T h e r e i s  a l s o a  

very s l i g h t  dec rease  i n  mean speed w i t h  i n c r e a s i n g  Or i n  t h e  

p r i n c i p a l  p lane ,  



Observat ions  of  helium atoms s c a t t e r e d  i n  t h e  

s p e c u l a r  d i r e c t i o n  f o r  a l l  of  t h e  d a t a  ob ta ined  r e v e a l  t h e  

fo l lowing  dependence upon t h e  i n c i d e n t  ang le  (30' < Qi <70°) :  

a Cv,l 
s o .  

The t r e n d s  l i s t e d  above i n d i c a t e  t h a t  t h e  s c a t t e r i n g  becomes 

i n c r e a s i n g l y  wangle-coherentvf  and "speed-coherent" a s  €Ii 

i n c r e a s e s .  The mean energy exchange, because it is  

e s s e n t i a l l y  z e r o ,  appears  independent of Qi .  

The q u a n t i t i e s  [I,], (v,) , and   AS^], as measured 

f o r  helium wi th  0, = Qi = 70°, d i s p l a y  t h e  fo l l owing  depend- 

ance upon t h e  s u r f a c e  temperature :  



Phases 1 & 11: 

L / (vs ) Ts2 and, theref ore, \ 

Phase 111: 

For Ts < 460 '~  (approximately), increasing adsorption of 

background gases on the target surface with decreasing 

surface temperature is the apparent cause of a transition 



from h igh ly  l o b u l a r  t o  q u i t e  d i f f u s e  s c a t t e r e d - i n t e n s i t y  

d i s t r i b u t i o n s .  S t i l l ,  t h e  smal l  va lues  of [AS,] compared t o  

u n i t y  and t h e  f a c t  t h a t  [v,] i s  a t  a l l  t imes  e s s e n t i a l l y  

equa l  t o  [vi] i n d i c a t e s  conc lus ive ly  t h a t  t h i s  d i f f u s e - l i k e  

s c a t t e r i n g  i s  f a r  from t h a t  a t t r i b u t a b l e  t o  t h e  a d s o r p t i o n  

and reemiss ion  of  helium atom. 

With i n c r e a s i n g  s u r f a c e  roughness ( i . e .  wi th  h ighe r  

phase number) it is  found t h a t  t h e  maximum observed 

i n t e n s i t y ,  [ lrml, f o r  helium d e c r e a s e s  a s  does t h e  shape  

f a c t o r ,  SF, whi le  t h e  speed sp read ,  A S ,  i n c r e a s e s  a t  

e s s e n t i a l l y  a l l  s c a t t e r i n g  d i r e c t i o n s  and t h e  a b s o l u t e  mean 

speed ,  ( v r )  , a g a i n  remains e s s e n t i a l l y  cons t an t  and equa l  

t o  ( v i  ) ,  t h e  mean speed of  t h e  i n c i d e n t  atoms. 

The s c a t t e r e d  i n t e n s i t y  d i s t r i b u t i o n s  f o r  room 

tempera ture  a rgon ,  when compared t o  t h o s e  f o r  helium a t  t h e  

same i n c i d e n t  energy ,  t h e  same s u r f a c e  cond i t i ons , and  

s i m i l a r  a n g l e s  o f  i nc idence  a r e  f a r  l e s s  l o b u l a r .  The 

i n t e n s i t y  maxima f o r  a rgon ,  fu r thermore ,  a r e  s h i f t e d  t o -  

ward t h e  normal by an  amount dependent upon t h e  i n c i d e n t  

a n g l e  such t h a t  

where GIrm is t h e  d i r e c t i o n  of  t h e  i n t e n s i t y  maximum. 



The magnitudes of  t h e  i n t e n s i t y  maxima f o r  argon were 

observed i.n t h e  p re sen t  experiment t o  be v i r t u a l l y  independ- 

e n t  of  t h e  i n c i d e n t  ang le  i n  t h e  range 35' < Qi < 70'. Th is  

obse rva t ion  a g r e e s  s u b s t a n t i a l l y  wi th  t h e  f i n d i n g s  o f  

Bishara  [20] ( s e e  h i s  F igure  5 . 2 . 1 )  bu t  is i n  c o n f l i c t  with 

t h e  d i s t i n c t  dec rease  of  maxi-mum s c a t t e r e d  i n t e n s i t y  wi th  

i n c r e a s i n g  i n c i d e n t  ang le  observed by S a l t s b u r g  and Smith [3]  

( s e e  t h e i r  F igu re  9 ) .  It appears  l i k e l y ,  i n  l i g h t  of  

p rev ious  d i s c u s s i o n s  comparing t h e  r e f l e c t i v i t y  of t h e  

va r ious  s u r f a c e s  invo lved ,  t h a t  t h i s  d i f f e r e n c e  i n  behavior  

i s  r e l a t e d  i n  a fundamental  way t o  t h e  d i f f e r e n c e s  i n  c lean-  

ne s s  and topography between t h e  s u r f a c e s  used by S a l t s b u r g  

and Smith,  on t h e  one hand, and t h o s e  used by both  Bishara  

and t h e  a u t h o r ,  on t h e  o t h e r .  

The normalized mean speed of t h e  s c a t t e r e d  argon atoms 

d i s p l a y s  a more pronounced v a r i a t i o n  w i th  Qr t h a n  i s  

observed wi th  helium. It r i s e s  t o  a maximum va lue  i n  t h e  

p r i n c i p a l  p l ane  between t h e  s u r f a c e  normal and t h e  d i r e c t i o n  

of t h e  i n t e n s i t y  maximum, t h e n  dec rease s  n e a r l y  monotonical ly  

wi th  i n c r e a s i n g  Qr. Var i a t i on  of t h e  s u r f a c e  t empera ture  i n  

t h e  range 6 0 0 ' ~  < Ts < 7 0 0 ' ~  e f f e c t s  no q u a l i t a t i v e  change i n  

t h i s  behavior .  

Due t o  t h e  p resence  of  s i g n i f i c a n t  amounts of n o i s e  

i n  t h e  d e t e c t o r  e l e c t r o n i c s ,  t h e  speed spread  f o r  argon 

p r e s e n t s  a l e s s  r e g u l a r  dependence on @, thandoes  e i t h e r  [ I ~ ]  



o r  rv,]. The on ly  c o n s i s t e n t  behavior  noted is a 

tendency toward a minimum va lue  occu r r ing  i n  t h e  range 

'rm 5 Qr < 0,. A s  t h e  i n c i d e n t  ang le  i n c r e a s e s ,  t h i s  

minimum va lue  d e c r e a s e s  whi le  t h e  va lue  nea r  t h e  normal 

remains approximately  t h e  same. I n c r e a s i n g  s u r f a c e  tempera- 

t u r e  ~ e n e r a l l y  e f f e c t s  a dec rease  i n  t h i s  minimum va lue  f o r  

a l l  inci .dent  ang le s .  F i n a l l y ,  by way of comparison, t h e  

in tens i ty -weighted  average  of  [AS,] over  t h e  e x i t  hemisphere 

f o r  argon is about  t w i c e  t h a t  observed f o r  helium, 

The s c a t t e r e d  argon beams c o n s i s t e n t l y  e x h i b i t  a  

s i ~ n i f i c a n t  d i f f u s e  ( c o s i n e )  i n t e n s i t y  component ( s e e ,  f o r  

example, F igure  5 .2 . l a ) .  The mean speeds  measured nea r  t h e  

s u r f a c e  normal, where d i f f u s e  s c a t t e r i n g  dominates ,  e x h i b i t  

on ly  moderate thermal  accommodation wi th  t h e  s u r f a c e ,  however. 

Thts f a c t  imp l i e s  t h a t  t h e  argon atoms, l i k e  t h e  helium 

atoms,  do no t  undergo a d s o r p t i o n  followed by reemiss ion  i n  

any l a r g e  f r a c t i o n  o f  t h e i r  encounte rs  wi th  t h e  s u r f a c e .  

6.3 Concluding Remarks 

I n  S e c t i o n  6.1 a n  e f f o r t  was made t o  compare t h e  

(111) s i l v e r  s u r f a c e s  emuloyed r e s p e c t i v e l y  by t h e  General  

Atomjc g roup ,  by Romney, by B i sha ra ,  and by t h e  a u t h o r  i n  

terms of t h e i r  r e l a t i v e  s c a t t e r i n g  behaviors .  The c r y s t a l -  



l o g r a p h i c  o r i e n t a t i o n  o f  each of t h e s e  s u r f a c e s  was ca re -  

f u l l y  e s t a b l i s h e d  upon removal from vacuum by means o f  Laue 

a n d ,  i n  some c a s e s ,  e l e c t r o n  d i f f r a c t i o n  t e c h n i q u e s .  To t h e  

e x t e n t  t h a t  can b e  de te rmined  from t h e  d a t a  a v a i l a b l e ,  a l l  of 

t h e s e  s u r f a c e s  do d i s y ~ l a y  q u a l i t a t i v e l y  s i m i l a r  s c a t t e r i n g  

~ r o p e r t , i e s ,  a s  would be expec ted .  I t  i s  e q u a l l y  e v i d e n t ,  

however,  t h a t  t h e i r  q u a n t i t a t i v e  b e h a v i o r s ,  a s  measured by 

such  c r i t e r i a  a s  i n t e n s i t y  r a t i o s  between s e l e c t e d  s c a t t e r i n g  

nnp;les o r  t h e  s h a p e  f a c t . o r s  p r e v i o u s l y  d i  s c ~ l s s e d ,  d i f f e r  

c o n s i d e r a b l v .  C e r t a i n l y  p a r t  o f  t h i s  d i f f e r e n c e  is a t t r i b u t -  

a b l e  to t h e  a d s o r p t i o n  o f  v a r i o u s  amounts and k i n d s  o f  back- 

ground con taminan t s  b o t h  d u r i n g  and a f t e r  t h e  d e p o s j - t i o n  

p rocess .  T h i s  problem is p r i m a r i l y  a  f u n c t i o n  o f  t h e  

i n d i v i d u a l  e x ~ e r i m e n t ~ a l  a p p a r a t u s .  Tn a d d i t i o n ,  however,  

such  f a c t o r s  as s u b s t r a t e  t e m p e r a t u r e  d u r i n g  d e p o s i t i o n  and 

t h e  r a t e  o f  d e p o s i t i o n  i t s e l f  a n o e a r  t o  be  more c r i t i c a l  

t h a n  i n i t i a l l y  a n t i c i p a t e d  i n  d e t e r m i n i n g  t h e  s c a t t e r i n g  

p r o p e r t i e s  of a ~ i v e n  s u r f a c e .  The c o n d i t i o n  o f  t h e  sub- 

s t r a t e  i t s e l f  i s ,  o f  c o u r s e ,  o f  pr imary  impor tance .  A l l  of  

t h e  above a r e  d e t a i l 5  t h a t  t h e  ind iv idua l .  i n v e s t i g a t o r  must 

c a r e f u l l y  moni to r  i n  o r d e r  t o  o p t i m i z e  t h e  s c a t t e r i n g  

p r o p e r t i e s  o f  h i s  s u r f a c e .  

I t  i s  c l e a r  from t h e  r e s u l t s  o b t a i n e d  by t h e  g r o w  

at Genera l  Atomic t h a t  once  t e c h n i q u e s  a r e  p e r f e c t e d  a qi.ven 

l a b o r a t o r y  can c o n s i s t e n t l y  g e n e r a t c  s u r f a c e s  o f  un i fo rm 



qual i t ,y .  It i s  a l s o  ev iden t  t h a t  t h e  s imnle  c r i t e r i o n  of 

having achieved e p i t a x y  i n  t h e  d e s i r e d  o r i e n t , a t i o n  i s  

i n s u f f i c i e n t  t o  a s s u r e  t h a t  t h e  s u r f a c e  t h u s  ob t a ined  is 

n e c e s s a r i l y  " i d e n t i c a l n ( o r  even comparable) t o  o t h e r  

e p i t a x i a l  s u r f a c e s  of  t h e  same o r i e n t a t i o n  grown on t h e  same 

s u b s t r a t e  m a t e r i a l .  To enhance t h e  a b i l i t y  of  t h e  experimen- 

t e r  t o  de te rmine  which s u r f a c e s  employed by o t h e r  l a b o r a t o r -  

i e s  a r e  s u f f i c i e n t l y  s i m i l a r  i n  s c a t t e r i n g  p r o p e r t i e s  t o  h i s  

own t o  j u s t i f y  c o m ~ a r i s o n  o r  ex t ens ion  of h i s  o b s e r v a t j o n s ,  

t h e r e f o r e ,  i t  would be he ln fu l  t o  e s t a b l i s h  a  s imple  s e t  o f  

" s t anda rdw s c a t t e r i n g  d i s t r i b u t i o n s  s e l e c t e d  s o  a s  t o  s e r v e  

a s  v i r t u a l  " f i n g e r p r i n t s w  of a n  i n d i v i d u a l  s u r f a c e .  With t h e  

a i d  of such a d e v i c e ,  t h e  comparison of d a t a  from d i f f e r e n t  

sources would be s imu l t aneous ly  s i m p l i f i e d  and made more 

r e l i a b l e .  I n  a d d i t i o n ,  it would enab le  t h e  exoer imenter  

i n t e r e s t e d  i n  conf i rming p r e v i o u s l y  ob ta ined  r e s u l t s  t o  

de te rmine  from t h e  beginning t h e  s u i t a b j l i t y  of  a  g iven  depo- 

s i t  f o r  t h i s  purpose. S i n c e  no means of examining s u r f a c e  

t o p o ~ r a p h y  p r i o r  t o  exper imenta t ion  i s  a v a i l a b l e  f o r  vaDor- 

depos i t ed  s ~ i r f a c e s  analagous  -Lo t h e  shadow o r  microscopy 

t echn iques  a n ~ l ~ c a b l e  t o  s u r f a c e s  processed mechanica l ly  

from bulk sam?les ,  t h e  gauging of s u r f a c e  smoothness d i r e c t l y  

i n  t e rms  of s e l e c t e d  s c a t t e r i n g  p r o p e r t i e s  could provi.de a n  

a l t e r n a t i v e  means of o b t a i n i n g  s i m i l a r  i n fo rma t ion  i n  s i t u .  - -- 
I n j  t i a l l y ,  vapor-deposi t e d  s i  n g l  e - c r y s t a l  s u r f a c e s  



were s e l e c t e d  a s  o f f e r i n g  t h e  g r e a t e s t  promise f o r  observ ing  

d i f f r a c t i o n  from s i l v e r  by v i r t u e  of  t h e i r  r e l a t i v e  freedom 

from a d s o r b a t e s  and a n t i c i p a t e d  s u p e r i o r  smoothness. When 

d i f f r a c t i o n  e f f e c t s  were no t  observed i n  t h i s  exper iment ,  

t,he s u r f a c e  w a s  examined f o r  az imutha l  misalignment of t h e  

r r y s t a l l i t e s ,  s i n c e  a  s u f f i c i e n t l y  l a r g e  d e f e c t  of t h i s  t ype  

would e f f e c t i v e l y  e l i m i n a t e  t h e  p r o b a b i l i t y  of observ inp  

d i f f r a c t i o n .  It was determined,  however, t h a t  t h i s  m i s -  

0 a l ignment  w a s  on t h e  o r d e r  of  21 a t  most. Consequentlv,  t h e  

absence of observed d i f f r a c t i o n  e f f e c t s  i n d i c a t e s  e i t h e r  t h a t  

such e f f e c t s  a r e  indeed absen t  from t h e  i n t e r a c t i o n  o r  e l s e  

that ,  t h e y  a r e  simply t o o  weak t o  be d e t e c t e d  wi th  t h e  present* 

anna ra tu s  and t echn iques .  

A s  r e g a r d s  s u r f a c e  smoothness,  t h e  expected r e s u l t s  

were more f u l l y  r e a l i z e d .  By way of  comparison, photomicro- 

p;raphic and shadow castinr: t e chn iques  i ndi ca ted  t h a t  t h e  

t a r g e t  f a c e  employed by Rishara ,  which was cu t  and po l i shed  

f-rom a  bulk c r y s t a l ,  d i sp l ayed  a s u r f a c e  topography charac- 

t e r i z e d  bv h i l l o c k s  t y p i c a l l y  0.5 p a p a r t  and 0.1 - 0 . 2  p 

high ~ r i o r  t o  t h e  s t a r t  of  t h e  exper iments .  By t h e  completion 

of t h e  exper iments  thermal  f a c e t i n g  had e f f e c t e d  an  i n c r e a s e  

i n  t h e s e  dimensions t o  20  - k O / y  and 10 - 20 p r e s p e c t i v e l y .  

I n  s h a r p  c o n t r a s t ,  t h e  depos i t ed  s u r f a c e  s t u d i e d  h e r e i n ,  

when examined a t  t h e  t e r m i n a t i o n  of exper iments  ( i  .e .  i n  i t s  

rouyhes t  s t a t e  ) ,  d i sp l ayed  a s  i ts  most prominent s u r f a c e  

i r r e g u l a r i t i e s  c leavage s t e p s  averag ing  l e s s  t h a n  0.1 >I h igh.  



T r r e p u l a r i t i e s  i n  t h e  v a r i o u s  s t e p  p lanes  were n r o p o r t i o n a t e l y  

s m a l l e r  o v e r  most of  t h e  s u r f a c e .  S i n c e  t h e  m a j o r i t y  of t r a c -  

t a b l e  a n a l y s e s  performed on g a s - s u r f a c e  i n t e r a c t i o n s  a r e  

p r e d i c a t e d  upon t h e  e x i s t e n c e  o f  a  s c a t t e r i n g  p l a n e ,  t h e  

enhanced smoothness o f  d e p o s i t e d  s u r f a c e s  makes t h e i r  u s e  

p r e f e r a b l e  i n  exper iments  i n t e n d e d  t o  t e s t  t h e o r e t i c a l .  

n r e d i c t i o n s .  

I n  a d d i t j o n  t o  t h i s  s i g n i f i c a n t  s u p e r i o r i t y  i n  

t e rms  of  s u r f a c e  sm-oothness, e q i t a x i a l l y  grown s u r f a c e s  

p rov ide  a n  o p p o r t u n i t y  f o r  f u t u r e  r e s e a r c h  o f  a  t y p e  t h a t  

would be  d i f f i c u l t  at, b e s t  t o  d u p l i c a t j e  v i t h  t a r g e t  s u r f a c e s  

o f  any  o t h e r  t y p e .  For  examnle, one can ,  i n  p r i n c i p l e ,  

deposit, and s c a t t e r  from one s u r f a c e  ( s a y ,  s i l v e r )  t h e n  

d e p o s i t  a  second s u r f a c e  o v e r  t h e  f i r s t  ( f o r  cxample, g o l d  ) 

and s c a t t e r  from i t ,  t h u s  o b t a i n i n g  a  c o m ~ a r i s o n  o f  t h e  

s c a t t e r i n g  p r o p e r t i e s  of  two d i f f e r e n t  s i n g l e - c r y s t a l  m e t a l s  

whose s u r f a c e  t o p o g r a p h i e s  a r e  a s s u r e d  t o  be v i r t u a l l y  iden-  

t i c a l .  I n d e e d ,  w i t h  t h e  p r e s e n t  a p p a r a t u s ,  i t  is  p o s s i b l e ,  

assuming a  combinat ion of s u r f a c e s  t h a t  may s e r v e  

changeably  a s  s u b s t r a t e s  f o r  each o t h e r ,  t o  t h e n  Erow t h e  

i n i t i a l  c r y s t a l  o v e r  t h e  second a s  a  means o f  e s t a b l i s h i n g  t h e  

r e n r o d u c i b i l i t y  of  t h e  d a t a ,  F i n a l l y ,  t h e  a d a ~ t a t i o n  of a  

LEED sys tem t,o t h e  t e s t  chamber so  a s  to e n a b l e  c o n t i n u o u s ,  

i n  :;j t u  m o n i t o r i n g  of  t h e  s c a t t e r i n y  s u r f a c e  wi 11 p r o v i d e  t h e  --- - --.-- 

o n p o r t u n i t v  f o r  d e t a i l e d  st,udy o f  s u r f a c e  c r y s t a l 1 0 ~ - r a n h y  



both du r ing  d e u o s i t i o n  and throughout  subsequent  s c a t t e r i n g  

experiments.  I n  t h i s  manner, some e x p l a n a t i o n  of such 

phenomena a s  t h e  development of  t h e  p o l y c r y s t a l l i n e  r e g i o n  

on t h e  wresent  s u r f a c e  may be  for thcoming.  
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APPENDIX 1 

DETERMINATION OF THE INTENSTTY , MEAN SPEED, 

AND SPEED SPREAD FROM THE RECORDED TIWOF-  

FLTGHT DENSTTY DISTRIBUTIONS 

A s  exp la ined  i n  S e c t i o n  3.2 of t h e  t e x t ,  t h e  d e t e c t o r  

s i g n a l ,  S d ( t ) ,  i s  a voltage-versus-t ime d i s t r i b u t i o n ,  where 

t h e  v o l t a g e  i s  p r o p o r t i o n a l  t o  t h e  mean a tomic  d e n s i t y  w i t h i n  

t h e  d e t e c t o r  and t ime  is measured from t h e  mean t ime  f o r  

passage of t h e  atoms th rouch  t h e  chopper. A s  o u t l i n e d  i n  

S e c t i o n  3.4,  t h e  method f o r  e x t r a c t i n g  t h e  d e s i r e d  ~ a r a m e t e r s  

o r  wmomentsw, a s  t h e y  a r e  o f t e n  c a l l e d ,  from t h e  measured 

t ime-of - f l igh t  (TOF) d i s t r i b u t i o n s  i s  based upon a curve- 

f i t t i n g  t echn ique .  This  t c chn iaue  c o n s t i t u t e s  a  s h o r t - c u t ,  

anproximate method enab l ing  t h e  exper imenter  t o  by-pass t h e  

t o t a l l y  i m p r a c t i c a l  t a s k  of  e ~ a c t l y  de te rmin ing  t h e s e  moments 

d i r e c t l y  from t h e  measured s i g n a l s .  

The t h r e e  p r i n c i p a l  moments sought i n  t h e  p r e s e n t  

s t udy  a r e  a beam i n t e n s i t y  ( I , ) ,  an in tens i ty -weigh ted  mean 

speed ( ( v r ) ) ,  and an  i -n tensi ty-weighted mean-square thermal  

speed ( (o r2)  ).  I f  t h e  TOF r e s o l u t i o n ,  R ,  were e f f e c t i v e l y  

i n f i n i t e  ( s e e  S e c t i o n  3 . 4 ) ,  t h e n  an  i d e a l  TOF d e t e c t o r  s i g -  

nal , c a l l  it s:( t ) , would be recorded.  Furthermore,  i f  t h e  

q u a n t i t y  g ( v )  i s  d e f i n e d  as  t h e  a c t u a l  d i f f e r e n t i a , "  i n t en -  

s i t y  d i s t r i b u t i o n  f o r  t h e  measured beam, i . e .  



t h e n  it fo l lows  t h a t  

It i s  s t r a i g h t f o r w a r d  t o  show ( s e e ,  f o r  exampl-e, Reference 

l 7 ) ,  t h a t  

t 
s i  ( t )  = ($1 g (g) 

where t j sOas  used h e r e  is t h e  t ime  - hnl fwid th  of  t h e  i n i t i a l  

beam p u l s e  as it pas se s  through t h e  chopper, T, i s  t h e  f l i g h t -  

pa th  l e n g t h ,  and K is a  c a l i b r a t i o n  cons tan t  depending on ly  

upon t h e  t a rge t -de tec tor -chopper  geometry and t h e  p a r t i c u l a r  

gas  be ing  d e t e c t e d .  The t h r e e  moments o f  j n t e r e s t  may t h e n  

be r e d e f i n e d  i n  t e rms  of S: ( t )  such t h a t  



(vr) = $ t-2 S: ( t )  d t  

'sdr 

2 2 
( c,) s: ( t )  d t .  (Al .8 )  

Now, i f  S: ( t )  and t h e  parameters  K , t s o ,  and L a r e  known, t h e  

i n t e g r a t i o n s  l i s t e d  above can be performed immediately on a  

computer w i th  t h e  a i d  o f  numerical  summation methods. If, on 

t h e  o t h e r  hand,  Sd ( t )  is  known bu t  Sd ( t )  # S: ( t )  due t o  

low TOF r e s o l u t i o n ,  i . e .  low R ,  t h e n  methods a r e  a v a i l a b l e  

whj ch ( i n  p r i n c i p l e )  enab le  t h e  de t e rmina t ion  of S: ( t )  from 

Sd ( t )  by means of  complex convo lu t ion - inve r s ion  t echn iques .  

I n  t h e  p r e s e n t  c a s e ,  no t  on ly  i s  Sd ( t )  # S: ( t ) ,  but, 

performing t h e  i n t e g r a t j o n s  i n  E q s .  (~1.6) - ( A l e @ )  i s  simply 

t o o  time-consuming t o  j u s t i f y  t h e  e f f o r t .  I n s t e a d , u s e  has  

been made of  t h e  a n a l y s i s  o u t l i n e d  i n  Reference 17 showing 

tha t . ,  f o r  n r a c t i c a ?  pl lrposes,  S ( t  ) 5: ( t  ) w h e n e v ~ r  R 5 d  

a n d ,  r u r t h e r ,  t h a t  Sd ( t )  can be f i t t e d  wi th  s u r p r i s i n g  

accuracy t o  a f u n c t i o n  of  t h e  form 

where $ and to a r e  f r e e  c o n s t a n t s  which, f o r  $ -9 I., reduce 



and 

wi th  C, a cons t an t  o f  o r d e r  u n i t y .  Then, it is  s t r a i g h t -  

forward t o  c a r r y  through t h e  i n t e g r a t i o n  of  E q .  (A1.6) t o  

de te rmine  -Ir i n  terms of t h e  quan t i . t i e s  Kk $ and to,  and 
sd 

a l s o ,  as i t  happens,  t o  i n t e g r a t e  E q s .  ( A 1 . 7 )  and (A1.g) t o  

o b t a i n ,  r e s p e c t i v e l y ,  ((v,) t o / l ) and  ((c:) t:/~' ) a s  f u n c t i o n s  

of  $ a lone .  It is much s i m p l e r ,  however, t o  exp re s s  t h e s e  

parameters  i n  terms of  q u a n t i t i e s  measured d i r e c t l y  from t h e  

recorded TOF t r a c e s .  E q .  (A1.9) may be f i t t e d  t o  t h e  record-  

ed t r a c e s  wi th  r e s p e c t  t o  ti-me a t  t h e  two half-maximum p o i n t s ,  

t l  and t2 ( s e e  F igu re  3 .4 .1 ) .  Then, through t h e  u se  o f  

numerical  t a b u l a r  methods, (v,) and (d:) can be r e a d i l y  

expressed i n  t e rms  of  tl ,  t2 ,  and L by u s i n g  Eq.  (~1.9) a s  a 

b a s i s .  The t a b u l a t e d  r e s u l t s  f o r  (v,) may subsequent ly  be 

l e a s t - s q u a r e s  f i t t e d  t o  a  t h i r d - o r d e r  polynomial i n  t h e  r a t i o  

t2 / tl t o  w i th in  I%, y i e l d i n g ,  a s  t aken  from Reference 2 0 ,  

( c o n t . )  



Z A fourth-order polynomial for (c,) may he similarly 

generated, as has been done in the present computations, to 

obtain 

which is accurate within 1% for 

(d:) t: / L~ > 0.023 . 
In addition, the fits 



a c c u r a t e  t o  w i t h i n  1% and 

a c c u r a t e  t o  w i th in  8% f o r  $ > 2 andL$fo r  $>5 may a l s o  be 

genera ted  . 
F i n a l l y ,  t h e  i n t e n s i t y ,  I,, is  e x p r e s s i b l e  as ( s e e  

References  17 and 19)  

where 

The q u a n t i t y  nod is  t h e  d e n s i t y  a t  t h e  d e t e c t o r  i f  t h e  beam 

is not  chopped, i . e . ,  i f  t h e  d e t e c t e d  beam is cont inuous,  

and Xd is  t h e  t a r g e t - d e t e c t o r  s e p a r a t i o n .  Thus, (?r) is 



a densi ty-weighted mean speed i n  c o n t r a s t  t o  (v,) which 

is  a n  in tens i ty -weigh ted  mean speed.  The parameter  Sd ( t m )  

i s  t h e  maximum d e t e c t o r  s i g n a l  ampl i tude and t h e  parameter  

K1 is  a  f a c t o r  n e a r  u n i t y  which is on ly  a weak f u n c t i o n  of  

t h e  TOF r e s o l u t i o n ,  R ,  and t h e  shape o f  t h e  speed d i s t r i b u -  

t i ~ n , ~ ( v ~ ) .  To t h e  e x t e n t  t h a t  g (vr )  i s  t h a t  f o r  a  

Maxwellian oven beam at; t empera ture  T [ i . e . ,  t h a t y i e l d e d b y E q .  

2 2 
(A1.9) f o r  $ = 0,  bu t  w i t h  t h e  term ( $ t o )  = (M L / 2kT) ,  

F g 
where  M is t h e  gas-atom mass and k  i s  t h e  Boltzmann gas  

g 
constant] ,  t h e n  K1 is t a b u l a t e d  v e r s u s  R i n  F igure  4 of  

Reference 19. Also, i f  $ > 5 i n  E q .  ( ~ 1 . 9 ) .  t h e n  K1 is  

t ,abulated v e r s u s  R i n  t h e  same f i g u r e .  (Fo r  t h i s  l a t t e r  

t a b u l a t i o n ,  t h e  exponent "-3" was used i n  p l a c e  o f  "-4" i n  

Eq. (Al.9); n e v e r t h e l e s s ,  t h e  p l o t t e d  d a t a  is almost  e q u a l l y  

a p p l i c a b l e  t o  e i t h e r  exponent ,  s i n c e  t h e  e f f e c t  o f  t h i s  

change i n  exponent is van i sh ing ly  s m a l l  f o r  $ > 5 ) .  

A s  wi th  t h e  o t h e r  paramete rs ,  a  polynomial of  t h e  

form 

can be t ~ e n e r a t e d  f o r  u se  i n  e v a l u a t i n g  Eq .  ( ~ 1 . 1 6 ) .  Through 

e r r o r , t h i s  has  been neg l ec t ed  i n  t h e  p r e s e n t  d a t a  and t h e  

in tens i ty -weigh ted  mean speed ,  (vrj  , has  been s u b s t i t u t e d  

f o r  i.ts densi ty-weight  ed coun te rpa r t  i n  t h e  i n t e n s i t y  



computations.  For  a l l  of  t h e  helium d a t a ,  where t h e  f i t t e d  

va lues  o f  $ a r e  l a r g e ,  t h i s  i n t r o d u c e s  n e g l i g i b l e  e r r o r ;  

t h e  two mean speeds  a r e  e s s e n t i a l l y  equa l  f o r  helium beams. 

For a rgon ,  on t h e  o t h e r  hand,  t h i s  e r r o r  causes  Ir t o  be 

from 5% t o  10% t o o  h igh ;  t h a t  i s9  (vr) is from 5% t o  10% 

g r e a t e r  t h a n  (Or) f o r  t h e  argon beams where t h e  f i t t e d  

va lues  of $ a r e  of o r d e r  u n i t y  o r  l e s s .  However, due t o  

t h e  f a c t  t h a t  t h e  computed v a l u e s  of  Ir a r e  normalized wi th  

r e s p e c t  t o  a  s e t  of  i n t e n s i t i e s  deduced by t h e  same method 

f o r  t h e  c a s e  where $ + 0 ,  t h e  n e t  e f f e c t  of  t h i s  e r r o r  i n  

t h e  p l o t t e d  d a t a  is  t o  cause t h e  peak normalized i n t e n s i t i e s ,  

f 'or which $ is g r e a t e s t ,  t o  be  a t  most some 5% low f o r  

argon.  

Lack of  s u f f i c i e n t  TOF r e s o l u t i o n  a l s o  has  an e f f e c t  

2 on t h e  computed va lues  of t h e  moments ( v  (cr) , e t c .  

Tn an e f f o r t  t o  compensate f'or t h i s  e f f e c t ,  use  has  been 

made of t h e  a n a l y s i s  documented i n  F igu re  3 of Reference 19. 

T h e r e p t h e  f a c t o r  ( ~ t  - A t o )  / A to has  been p l o t t e d  ve r sus  

(R-1) f o r t h e  twoprev ious ly  d i s cus sed  ca se s  o f  a )  an  oven 

beam and b )  a  beam f o r  which $ >  5. (1n r e f e r e n c e  t o  t h a t  

f i g u r e , n o t e  t h a t  f o r  t h e  p r e s e n t  exper iments  t h e  " s h u t t e r  

func t ion"  is e s s e n t i a l l y  t r i a n g u l a r . )  I n  t h e  p re sen t  

c a l c u l a t i o n s , ~ t  = t2 - t l , a s  measured from t h e  recorded TOF 

t r a c e s , a n d  n t o  is  t h e  analogous width f o r  a  p e r f e c t l y  

r e so lved  ( H  +w ) TOF s i g n a l .  Using t h e  in format ion  conta ined 



i n  F igure  3 , t h e  v a l u e s  o f  tl and t2  measured f o r  a  g iven  

R(= A t./tSd a r e  a d j u s t e d ,  assuming symmetric broadening of 

t h e  p e r f e c t l y  r e so lved  s i g n a l ,  by i n c r e a s i n g  tl by h a l f  o f  

the i n d i c a t e d  broadening and decreas i -ng t2  by t h e  same 

amount. The a d j u s t e d  t ime-values  a r e  t hen  used t o  compute 

(vr) , (v:) , (c:) , and $. These o p e r a t i o n s  a r e  a l l  

performed by computer. The two p o s s i b l e  c o r r e c t i o n s  a r e  

r a t h e r  a r b i t r a r i l y  a p p l i e d  nccord-i.ng t o  t h e  c r i - t e r i o n  t h a t  

all. d a t a  f o r  which $ < 2 . 5  be s ~ b ~ j e c t e d  t o  t h e  oven beam 

c o r r e c t i o n  whi le  a l l  d a t a  f o r  which $ >  2 . 5  be t r e a t e d  a s  i f  

$ >  5. The a c t u a l  polynomial  f i t s  en~ployed i n  t h i s  p roces s  

are: 

For  li > 2 ,  t h e s e  p rov ide  e x c e l l e n t  fit,s t o  t,he p l o t s  i n  

Fi pure 3 of Reference 19. S ince  $ is i t s e l f  dependent 

upon t h i s  c o r r e c t i o n ,  a n  i t e r a t i v e  scheme i s  employed by t h e  

computer i n  app ly ing  Eq.  (A1.. 20). Convergence i n  $ is 

normally observed by t h e  second i t e r a t i o n .  F i n a l  c o r r e c t i o n s  

t,o t h e  computed i n t e n s i t y ,  Zr, a r e  e f f e c t e d  i n  a  similar 

manner by f i t t i n g  polynomials  t o  t h e  f a c t o r  K1 (=  i n  -- 
Uo 



Figu re  4 of' Reference 19) as a means of  compensating for t h e  

dependence of  t h e  measured va lue  o f  t h e  s i g n a l  he igh t  upon 

t h e  r e s o l u t i o n ,  R .  The polynomials  employed a r e :  




